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Abstract

Consumption of food and eating habits of humans are guided by the sensory percep-
tion. Bitter taste suppresses the regular consumption of beneficial phytonutrients.
Hence, in products of the food and pharmaceutical industry these bitter effects are
often masked with unhealthy additives like sugar, fat or alcohol. Eriodictyol (ED) and
homoeriodictyol (HED) are natural, tasteless, bitter-masking compounds and feature
additionally healthy effects like antioxidant activities that are common for flavonoids.
However, their availability is strongly limited. In this study, the microbial production of
ED and HED was investigated basing on two different strategies.

The first approach focusses on the precursor-directed chalcone biosynthesis starting
from the corresponding hydroxycinnamic acid (HCA). The target flavonoids ED and
HED were formed in two consecutive enzymatic steps: in the first step the formation
of an active coenzyme A thioester from caffeic acid or ferulic acid was catalyzed by
the ligase At4CL2. The respective substrates already contain the desired modifica-
tions at ring B making the subsequent hydroxylation- and methylation-steps unnec-
essary. Secondly, the corresponding chalcone is formed by the specific chalcone
synthase HVCHS2 and finally a non-enzymatic step is used for the ring closure to
convert the chalcone into a flavonoid. Both enzymes were heterologously expressed
in Escherichia coli, purified and investigated. The single steps have been established

for in vitro conversion of inexpensive HCA into the desired flavanones.

The second strategy is based on the specific modification of the cheap and readily
available flavanone naringenin (Nar). After screening of over 30 oxygenating biocata-
lysts, the bacterial monooxygenase variant BM3-GVQ was discovered to catalyze
the 3’-hydroxylation step without further oxidation of the product. In the second step
of this strategy, the plant O-methyltransferase (OMT) PFOMT was applied acting
selectively with high catalytic potential on ring B of ED forming 3’-O-methylated ED
(HED). This strategy was established for successful in vitro biosynthesis of ED and
HED. Moreover, the whole enzyme-cascade was developed as a proof of concept for
in vivo biotransformation in E. coli yielding already 36 % of HED (2~20 mg I™) after
25 h of incubation for the first generation without time-consuming enzyme purification

steps or the addition of cost-intensive cofactors. This fundamental system offers the

v



basis for a time-saving biotechnological process that is already registered for patent-
ing (EP14187583.1 - 1501).



Zusammenfassung

Der Lebensmittelkonsum und die ERgewohnheiten des Menschen richten sich nach
seiner geschmacklichen Wahrnehmung. Der bittere Geschmack von wirksamen Phy-
tonahrstoffen verhindert ihren regelmafigen Verzehr. In industriellen Produkten wer-
den bittere Stoffe haufig durch den Einsatz von Zucker, Fett und Alkohol maskiert.
Eriodictyol (ED) und Homoeriodictyol (HED) sind naturlich vorkommende, selbst ge-
schmacklose, bitter-maskierende Stoffe und liefern zusatzlich gesundheitsférdernde
Effekte aufgrund ihrer Zugehorigkeit zu den Flavonoiden. Allerdings sind sie in ihrer
Verfluigbarkeit bisher begrenzt. In dieser Arbeit wurden zwei Wege zur enzymatisch
katalysierten Herstellung von ED und HED entwickelt.

Die erste Strategie basiert auf der natirlichen Biosynthese der Flavonoide unter der
Verwendung ausgewahlter Hydroxyzimtsauren (HCAs), die als Vorstufen bereits die
entsprechenden Modifikationen des Grundgerists enthalten. Die entsprechenden
Chalkone von ED und HED werden dabei Gber zwei enzymatisch katalysierte Reak-
tionsschritte aufgebaut: die Ligase At4CL2 katalysiert die essentielle Aktivierung der
HCAs Kaffeesaure und Ferulasédure zu den entsprechenden Coenzym A-thioestern.
Im zweiten Schritt katalysiert die Chalkonsynthase HVCHS2 den Aufbau des Chal-
kongeriistes aus den entsprechenden Vorstufen und abschlieRend wird das Chalkon
durch eine Basen-katalysierte Zyklisierung zum Flavanon geschlossen. Beide En-
zyme wurden heterolog in Escherichia coli exprimiert, gereinigt und untersucht. Die
einzelnen Schritte wurden als in vitro Umsetzung zur Herstellung von ED und HED

aus preiswerten HCAs etabliert.

Die zweite Strategie basiert auf der gezielten Modifikation des glnstigen und weit-
verbreiteten Flavanons Naringenin (Nar). Nach dem Screening von tber 30 Oxido-
reduktasen wurde die bakterielle Monooxygenase BM3-GVQ als potentielle 3'-
Hydroxylase zur Erzeugung von ED identifiziert, ohne dabei das Produkt weiter zu
oxidieren. Im zweiten Schritt dieser Strategie katalysiert eine pflanzliche O-
Methyltransferase (PFOMT) ED zum 3‘-Methylether (HED). Die Einzelschritte dieser

Strategie wurden in in vitro Experimenten optimiert.

Daruiber hinaus wurde die gesamte Enzymkaskade als proof of concept zur in vivo
Biotransformation in E. coli entwickelt. In der ersten Generation wurden dabei bereits
36 % HED (2~20 mg ") nach 25 h Inkubationszeit direkt aus Naringenin ohne Rei-

nigungsschritte von Enzymen oder der Zugabe von preisintensiven Cofaktoren ge-
\



wonnen. Dieses System liefert die Basis fir einen zeitsparenden biotechnologischen

Prozess, welcher bereits zum Patent (EP14187583.1 - 1501) angemeldet wurde.
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Theoretical principles

1 Theoretical principles

1.1 Gustatory modifiers

Consumption of food and eating habits of humans are guided by the sensory perception. In
detail the gustation, olfaction and the oral perception like the texture of nutrients or other
compounds are crucial for their rate of consumption [1]. Especially children are highly influ-
enced by gustation preferring a sweet perception and disliking a bitter taste. This evolutionary
given situation increases the consume of sweet tasting food that is often connected to un-
healthy effects like diabetes and obesity with the risk of various diseases [2, 3]. In contrast,
bitter tasting ingredients are often beneficial phytonutrients like glycosinolates, terpenes or
polyphenols, but their gustation hinders the regular consumption of these compounds [4—6].
Moreover, bitter tasting molecules are often active agents and accordingly they are applied in
pharmaceuticals, e.g.: ambroxol which is used in the treatment of respiratory diseases and

paracetamol used as analgesic and antipyretic (Fig. 1.1).

ambroxol paracetamol

Br
H H
N
HO HN\/©\B /©/ \(F)(
r HO
Y NH,

Fig. 1.1: Two examples for bitter tasting active agents used as orally applied pharmaceuticals. Ambroxol is
applied for the treatment of respiratory diseases and paracetamol used analgesic and antipyretic are common
drugs with bitter sensory perception. To avoid their bitterness oral applied pharmaceuticals for children are mostly
added with bitter masking compounds especially sugar and aroma additives to facilitate the incorporation [7, 8].

To enhance the acceptance of children for oral medicine, especially bitter tasting compounds,
industry tries to cover the bitterness by different methods of masking, e.g.: cognitive illusion
by the addition of sweeteners and strong flavors, decreasing the concentration on free active
molecules by the use of scavenging molecules like cyclodextrine or chitosan, or the reduction
of the contact time of the molecule to the corresponding receptor e.g. by application of lipo-
philic vehicles [7, 9]. However, the most common and economic way is still the addition of
sugar, salt, alcohol or fat as these additives are low-priced [10]. Therefore, alternatives for the
modification of undesired taste are demanded to improve health promotion policy, consumer

protection, and improve the responsibility of the industry.

To influence gustation, it is essential to know, how the gustation perception is realized in

mammals. In general, the gustation or taste of a compound is a complex process and is acti-
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vated by the taste-receptor cells (TRCs) of the taste buds in the epithelia of the oral cavity [1]
(Fig. 1.2). Taste buds are predominantly comprised in different forms of papillae distributed
on the tongue [11], but were also discovered in the non-bony palate in front of the uvula (soft
palate) as well as in the back of the throat (pharynx) [1]. Papillae differ in their occurrence,
location and the concentration of taste buds.

Circumvallate

Taste pore

Soft palate

|

S

Pharynx

Foliate

S Fungiform

Fig. 1.2: Taste bud of the human tongue. The taste bud (left) contains the crucial taste-receptor cells (TRCs)
and is element of different types of papillae located on the human tongue: circumvallate, foliate and fungiform with
type-dependent number of taste buds. A taste pore emerging at the apical surface of the taste bud concentrates
the TRCs receiving the sensory perception of the five basic qualities of taste — salty, sour, sweet, umami and bitter
— without any taste-specific location on the tongue. Taste buds were also discovered in the soft palate and the
pharynx on the epithelium without papillary structures [1]. Figure is modified according to Chandrashekar et
al.(2006) [12].

A taste bud concentrates three different types of taste cells: until now, type | cells were shown
to have a supporting function. Cells of type Il (TRCs) contain G-protein coupled receptors
(GPR or GPCR) that are responsible for sweet, bitter and umami taste perception. Cells of
type Il are so-called “synaptic cells”, containing synapsis with afferent nerve fibers detecting
amongst others acidity that results in sour taste perception [13]. TRCs lead into a taste pore
which allows the transduction of different taste qualities by chemoreception of fluid com-
pounds on the apical surface [11]. In contrast to a widely distributed myth, a specific location

for each taste at the tongue is unconfirmed [12].

Five basic qualities of taste are distinguished: sour, salty, sweet, umami and bitter [12]. How-
ever, there are additional qualities like fatty or metallic that cannot be explained by the five
basic tastes, but the knowledge about potential receptors is marginal [11]. Previously, the fat

taste was believed to be based on trigeminal and olfactory perception, but this consideration
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could be countered after the discovery of two GP(C)Rs. GPR40 and GPR120 are activated
by medium and long chain fatty acids and could be found in rodent in 2010 [14] and in human
tongue tissue in 2012 [15]. In general, GP(C)Rs are complex proteins with seven transmem-
brane domains expressed in the taste buds [16]. Depending on the GP(C)R types different
neurotransmitters, hormones or other stimulating compounds are bound by the G protein
called gustducin which initializes the chemoreception of umami, sweet and bitter taste by a
multiple signal transduction pathway (Fig. 1.3) [11].

A Sweet, bitter or
umami tastant
Panx1 TrpM5 B
( D | Taste
"\GPCR/

{ 8 N /
- * Nay DAG @PIP2 (By
g [+) v a q
\ / / |PJ
o 0 1\
s 200 < = ° 0o°
- IPR3 T-e,°Ca* store

C
Sour Salt o
Proton-sensitive tastant Na*
channel

Fig. 1.3: Signal transduction in a TRC. The five basic taste qualities are perceived by chemoreception:
(A) Umami, sweet and bitter taste are activated by GP(C)Rs which initialize a multiple signal transduction pathway
starting with the production of the second messengers inositol triphosphate (IP3) and diacylglycerol (DAG) fol-
lowed by the intracellular increase of ca”. Na' influxes by a cation channel called TrpM5. (B) Sour tastants per-
meate through the membrane and increase the H" level in the cytoplasm. (C) Salty taste is directly coupled to an
ion channel (ENaC — Epithelial Na Channel). After the binding of active ligands, the concentration of the cations in
the cytoplasm changes and the cell is depolarized. ATP is released and initializes signal transduction. According
to Chaudhari et al. (2010) [11].

Activated gustducin triggers the production of the second messengers inositol triphosphate
and diacylglycerol that initializes the intracellular Ca®* release and allows the influx of Na* via

the cation channel TrpM5 depolarizing the cell membrane [11]. ATP is effused and Ca* is
3



deported by exocytosis releasing neurotransmitter and forming action potentials that are sent

to the brain as a taste perception [1].

Except from the salty and sour quality, the remaining basic taste perceptions — bitter, sweet
and umami — are activated by such GP(C)Rs. Sour quality is based on proton acidity and
salty taste on sodium ions. Both tastes are based on cations which simply activate ion chan-
nels by changing the activation potential and therefore do not require GP(C)Rs [16]. For
umami, sweet and bitter taste perception, homo- or heterodimeric receptor complexes of TR
subunits (T1R and T2R family) are coupled to the G protein gustducin. Depending on the as-
sembling of the dimers, GP(C)Rs are activated by binding the responsible compounds and
different taste qualities are transmitted to the brain. T1R subunits form the pairs of GP(C)Rs
for sweet (T1R2/T1R3) and for umami (T1R1/T1R3) taste; for bitter perception, two subunits
of the T2Rs family build the receptor [11]. Up to know, more than 25 different T2R subunits
were identified in humans [1]. Hence, the appearance of the bitter receptors is highly differen-
tiated and allows a multitude of variations in activating and blocking compounds followed by

the corresponding taste perception [17].

Bitter taste is based on the most structurally diverse receptor family of the five basic tastes
[1]. Due to the complex activation mechanism of bitter reception and the high similarity to
umami and sweet taste transduction, the structure-activity relationship of compounds that ac-
tivate or block the bitter taste are not exhaustively clarified [18, 19]. The tastants vary a lot in
their features and are still under research [9]. Table 1.1 summarizes a few typical examples

for different classes of compounds with bitter masking effects and their additional feature.

Table 1.1: Traditional bitter masking compounds.

substance structure class additional feature
sodium Na' CI salt addition of strong salty taste
chloride by activation of ENaC
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substance structure class additional feature
oleic acid 0 fatty decreases concentration of
— OH acid free bitter molecules
sucrose H OH carbo- | addition of a strong sweet
0
HO H CH,OH hydrate | taste by activation of sweet
HO H
T on ° receptors (TIR2/T1R3)
H 0 0
CH,OH
OH
thaumatin | protein | low-calorie sweet protein with
high potency in micromolar
concentration
1
neohesper- HO OH ©O artificial | artificial sweetener, 340 times
idin  dihy- HO’:& O phenyl- | sweeter than sugar (weight to
OH

drochal- HO™ ™ 70 OH O glyco- | weight)

HsC,, 0. _,O o
cone U e side

HO” ™~ “OH 8

OH

All listed compounds have in common that their application is connected to a disadvantage:

they mask bitterness by modifying the flavor, for example: neohesperidin dihydrochalcone

and thaumatin are themselves sweeteners, thus disturbing in non-sweet applications. Moreo-

ver, a few of these examples bear unhealthy side effects at higher doses of consumption that

are required for their bitter masking effects, e.g.: sodium chloride, oleic acid and sucrose.

Even artificial sweeteners with low-calories and high potency in micromolar concentrations

were recently discovered to induce glucose-intolerance and dysbiosis [20]. Hence, discover-

ing new compounds with bitter masking effects which are tasteless, odorless and uncritical in

their consumption are very important in future food processing and pharmacology [8].

! pdb-code: 1IRQW




1.2 Eriodictyol and Homoeriodictyol — bitter masking flavonoids from

Eriodictyon californicum

Eriodictyol (ED) and homoeriodictyol (HED) are flavonoids discovered in Eriodictyon californi-
cum [8, 21]. Both compounds impress due to their remarkable bitter masking effect of about
10-40 %, for example: a strong bitter tasting solution of 500 ppm caffeine is masked remark-
ably by the addition of 200 ppm HED sodium salt (~ 40 % bitter reduction) [8]. Several chemi-
cal classes of bitter compounds are masked by ED and HED, e.g.: caffeine and amarogentin,
but also quinine, paracetamol and salicin while both flavonoids being themselves neutral in
taste [8]. Hence, they are variable in applications as food or pharmaceutical additives without
any noxious or texture effects like they are exhibited by salt, fat or sugar [3]. ED and HED are
structurally related and differ only in a methyl group at position 3’ at ring B (Fig. 1.4).

_CH
ED HED o 3

OH
oM
OH

Fig. 1.4: Chemical structures of eriodictyol (ED) and homoeriodictyol (HED). The aglycones were predomi-
nantly found on the leaf surface of Eriodictyon californicum and feature a neutral masking effect on several bitter
compounds [8].

These compounds belong to the flavanones — a subgroup of flavonoids widely distributed in
plant secondary metabolism — which contain a carbonyl group of their pyran ring (C). Gener-
ally, flavonoids are a class of phenolic compounds with over 10,000 different structures [22].
Their simplest structures occur already in evolutionary old photosynthetic plants e.g.: in
mosses [23]. The nomenclature of flavonoids is oriented towards the degree of the oxidation
on the central pyran ring (C) at their C4-C5-Cg trricyclic framework as well as on the functional-
ization by diverse modifications like hydroxylation, methoxylation and prenylation at the skele-
ton [24, 25]. The variations are manifold due to the number and localization of substituents
and in addition due to the glycosylation, esterification and the possible di-, oligo- and
polymerization of the flavonoids [24, 26]. The general biosynthesis of flavonoids in plants is

realized by the phenylpropanoid pathway which is further described in section 3.1.

Originally, the term “flavonoid” arises from the Latin word “flavus” meaning “yellow” due to
their natural color and their historical usage for the dyeing of wool [24]. Along with carote-

noids and betalains, this colorful compounds are responsible for flower pigmentation which is
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not only essential to attract pollinators but also to protect the plant against photooxidative
damage, ultraviolet (UV) radiation and phytopathogens [27, 28]. Moreover, flavonoids are in-
volved in intra- and intercellular signal transduction like the auxin transport and extracellularly
for plant communication with insects and microbes like for the root nodulation [28-30]. Their
properties and effects on human health are also diverse and allow a huge range of applica-
tion. In addition to a more generally antioxidative potential [31, 32], some flavonoids provide
anti-inflammatory, -atherosclerotic, -thrombogenic, -osteoporotic, -tumor and antiviral effects
[33]. Especially flavonols like quercitin and kaempferol offer potential as radical scavengers

and metal chelators [29, 30].

Flavonoids were found in different plant tissues like in stems, barks, seeds and flowers [34].
Therefore, they are also present in various food and food products, e.g.: in fruits, vegetables,
nuts, tea, wine and honey [25, 26]. Glycosylated flavonoids as hydrophilic compounds accu-
mulate primarily in the vacuoles of plants and in the cell wall where they are often esterified
with aliphatic or phenolic acids like malonic acid or caffeic acid [24, 35]. Non O-glycosylated
flavonoids — so-called aglycones — occur mainly in wood-parenchyma or are excreted on the
epidermis (cuticula) of the plant [24, 36, 37]. The flavonoids ED and HED are such aglycones
and were mainly found in the exudate (resin) on the leaf surface of herba santa — Eriodictyon
californicum (Hook. & Arn.) Torr. (Fig. 1.5) [8, 21].

Ty ]
S === xcretory cell

e ——
R

x epidermis cell

Fig. 1.5: (A) Plant and single leaf of Eriodictyon californicum?. (B) Leaf cross-section of Eriodictyon cali-
fornicum after PEG-embedding showing excretory cells for the resin exudation on the surface of the epi-
dermis.

This plant is native in the Baja California Desert — a region in the north of Mexico and in the
south of California — as well as in Oregon [21] and has an application in traditional medicine
[8]. In general, E. californicum is a member of the Waterleaf family (Hydrophyllaceae)
adapted to the desert conditions of low water level and high solar radiation [21, 38]. Thus, the

% Source: http://calphotos.berkeley.edu/imgs/128x192/0000_0000/0102/0270.jpeg



exudative sedimentation of resin including phytochemicals on the leaf surface is common and
indispensable in desert environment to avoid evaporation and repel herbivores [39]. The resin
contains mainly phenolic compounds especially flavonoids as well as terpenoids mainly ses-
qui- and diterpenes. Members of the former group are non-volatile compounds that are struc-
turally similar to one another featuring UV absorption, deterrent to predators and act as anti-
microbial agent [40]; the latter group is essential for a glutinous and gleaming texture of the
resin [38].

1.3 Chemical engineering and green biotechnology

The synthesis of natural compounds is a traditional line of business for the chemical and
pharmaceutical industry. The early production processes of synthetic purple and blue pig-
ments for the dyeing of textiles were a mile stone for the chemical industry. For example, the
production of synthetic indigo led to a commercial feasible manufacturing process [41]. The
chemical industry started in the beginning of the 19" century but its development exploded
during the industrial revolution before the turn of last century offering the commercial applica-
tion of advanced materials like artificial silk or rubber, drugs such as insulin or morphine for a
wide medicinal application, dyes, flavors and fragrances for perfume and cosmetic industry as
well as the paper production which was also revolutionized [42, 43]. However, the current
scope of costumer’s demands further development of industrial products, ingredients and ad-
ditives which are produced to be resource-saving and eco-friendly. Moreover, food, cosmetic
and pharmaceutical additives should derive from natural sources but should also be sustain-
able in their commercial application. Hence, a shift from fossil to bio-based raw material is a
long term trend for energy and feedstock. These requirements on commercial products lead
industry to evolve innovative strategies in white biotechnology to optimize biological systems
and thus to develop highly efficient biocatalysts like enzymes, whole-cells and even eukaryot-

ic organisms.

In fact, most biocatalysts feature economic and ecologic advantages because of mild reaction
conditions, selectivity and sustainability. In the last decades, several approaches for the bio-
technological production of industrially relevant compounds were published and some were
also applied in industry, e.g.: the application of amylases from plants and fungi in food pro-
cessing to produce high fructose-corn syrup from starch [44] or fermentation-produced chy-

mosin, that allows expansive industrial cheese production for commercial applications [45].

However, up to know ED and HED are industrially produced by the extraction from
E. californicum. Although there are different isolation techniques published since the first one
8
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appeared from Geissman in 1940 [46], the efficiency is still limited to 2.5 % yield related to
the dry weight of the plant [8, 47]. Due to lack of sustainability of current harvesting of the
plants and their agriculture in a politically critical area of Mexico, the production of high
amounts of the bitter masking compounds by isolation is rather difficult. Another strategy for
the production of ED and HED is the chemical synthesis: previously in 1929, Shinoda and
Sato synthesized ED and HED using phloroglucinol and carbethoxyferuloyl chloride [48] that
was improved in 1959 by Farooq et al. [49] using the same precursors. In 2003, Shetgiri and
Rege modified the first synthesis by a four step route to achieve ED and HED starting from
phloroglucinol [50]. Kulkarni improved this method in 2012 by developing a three step total
synthesis [51] (Fig. 1.6.).

1 2 3
OH Ox
HO OH
(CH5CO0),0, BF, etherate, 0O HCI, EtOH
rt, 1h A.8h

OH HO OH OR,
yield: OR,
60 %

4 5

OR, OR,
) HED: Ry=CHs,
HO OH NiCl (20%), DMF — HO (@] R,=H
O | OR O ORi  Ep: Ry=H
A,8h : 1
R2=H

OH O OH O
yield: yield:
93 % for ED chalcone, 68 % for ED,
73 % for HED chalcone 73 % for HED

Fig. 1.6: Chemical synthesis of ED and HED according to Kulkarni (2012) [51]. The flavonoids are achieved
by a three step total synthesis. Phloroglucinol (1) is used as the precursor for the synthesis of 2,4,6-trihydroxy ace-
tophenone using acetic anhydride and Boron trifluoride etherate at room temperature. The resulting phloroaceto-
phenone (2) was condensed either with 2,3-dihydroxybenzaldehyde (3) to achieve the chalcone precursor for ED
or with 2-hydroxy-3-methoxy benzaldehyde (3) to synthesize the precursor for HED by using HCI in ethanol with
heating. The chalcones (4) were cyclized to the corresponding flavanones (5) in the environment of 20 % NiCl in
DMF with heating.

However, all strategies of chemical synthesis require more than two reaction steps and the
application of solvents and reagents is associated with economic and toxicological hazards.
Therefore, new appropriate methods are necessary to enable the economically and ecologi-

cally rational utilization of ED and HED as bitter masking compounds.

In addition, the biocatalyzed production of rare flavonoids like ED and HED were already pro-
posed by a few working groups in different organisms, for example: the hydroxylation of

naringenin (Nar) to obtain ED by a co-expression system of P450s in white-rot fungus Phan-
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erochaete chrysosporium and the NADPH-reductase in Saccharomyces cerevisiae [52]. The
functional expression of a flavonoid 3’-hydroxylase from Gerbera hybrid in S. cerevisiae ob-
tained even 200 mg I* ED from Nar in selective media [53]. In general, Nar is the biological
precursor and chemical lead for the natural biosynthesis of flavonoids. Nar is sourced in high
amounts from the peel of citrus fruits especially grapefruit, orange and mandarin, but it also
occurs in low concentrations in the skin of tomato [54]. Moreover, O-glycosidically linked es-
ters like naringin (naringenin-7-neohesperoside) and narirutin (naringenin-7-rutinoside) are
found in high amounts in the juice of citrus fruits and can be easily converted by saponifica-
tion into Nar. In comparison to ED and HED, Nar is low-priced due to the high availability: the
consumer price of Nar averages 26 € g™ (Sigma Aldrich, catalogue from November 21, 2014)
and naringin is even available for 1.96 € g* (Sigma Aldrich, catalogue from November 21,
2014), in contrast to ED and HED which are sold for 6500 € g* (Extrasynthese, catalogue
from November 21, 2014). Nar is structurally similar to ED as well as HED and they differ just

in a minor modification at ring B (Fig. 1.7).

Nar

E OH
0 oxidase

Fig. 1.7: Biocatalytic synthesis of ED and HED. Naringenin (Nar) offers a suitable precursor for the synthesis of
ED and HED due to minor modifications at position 3’ at ring B (green). A selective oxidase catalyzing the hydrox-
ylation to form ED and a specific 3OMT catalyzing the regioselective methylation are required to form HED.

However, these slightly modifications offer mainly different features for the taste modifying
properties of the flavonoids: Nar shows no significant influence on bitter taste, while ED and
HED exhibit remarkable bitter masking effects. However, these flavanones have one feature
in common: their taste profile shows no additional (own) strong taste or flavor [8]. Therefore,
Nar is a suitable starting material for the selective hydroxylation into ED by an oxidase and
subsequently the 3’-O-methylation into HED (Fig. 1.7). HED was previously supposed to be
produced by selective methylation of ED using a specific 3’-OMT, e.g.: flavone 3'-O-
methyltransferase ROMT-9 expressed in the recombinant Yarrowia lipolytica. Thereby

110 mg*I™* HED were obtained by a conversion rate of 52.4 %. [55].

However, the production of ED and HED in an easy biotechnological system to obtain high

amounts suitable for commercial application is still a challenge, because the investigation of

10



Theoretical principles

enzymes for selective oxidation and methylation in industrial biotechnology applications is still
in its infancy and has to be optimized with regard to cofactor dependence, controllability, ac-
tivity and stability.

For example, selective hydroxylation of aromatic compounds is one of the most challenging
processes for the synthetic production of fine chemicals [56] as non-activated C-H bonds
have to be attacked. In nature hydroxylation is realized by different types of oxidoreductases
especially by oxygenases, peroxidases and oxidases. They are classified either according to
their cofactor requirement or to the utilized electron acceptor and the generated product [57].
Oxygenases — named by Hayashi in 1955 [58] — catalyze the oxidation of a substrate by
providing an oxygen atom from molecular oxygen (O,). These enzymes commonly feature
high regio- and stereoselectivity and are widely distributed in all kingdoms of life [59]. Such
oxidative biocatalysts might be an alternative for metal catalyzed reactions in industrial appli-

cation.

Methylation is also a ubiquitous process in all living organisms. It is realized by specialized
enzymes called methyltransferases (MTs). Based on the chemical nature of the substrates,
MTs are classified into major groups based on the atom type which is methylated: C-, O-, N-,
S- and As-MTs, and methyl halide transferases acting on halide ions as nucleophilic sub-
strates [67]. However, the enzymatic addition of (at least) one methyl group to natural com-
pounds does not only modify their solubility, lipophilicity or pKs but also their intracellular
compartmentalization and interaction with target proteins resulting in modifications of odor,
taste and also pharmaceutical effects [60—62]. Because of this high biological impact, all cel-
lular methylation processes must be strictly regulated with respect to chemo-, regio-, and ste-
reoselectivity. So far, the use of MTs which have been investigated and engineered for bio-
catalytic production of selectively methylated (natural) compounds is still negligible compared
to the number of methylated products on the market [63, 64]. They still offer significant poten-
tial but also pose challenges, the latter mostly connected to the sufficient accessibility of the
crucial cofactor SAM [60].

However, enzymatic reactions can be superior to classical chemical methods due to sub-
strate specificity and a usually excellent selectivity. In addition, enzymatic synthesis mostly
allows mild reaction conditions with regard to temperature, pressure, pH value, and solvent.
Usually, it is performed in agueous environment [65]. For industrial applications, enzymes can
additionally be tailored to improve availability, stability, selectivity, conversion rate, and sub-

strate promiscuity [66, 67]. Once a suitable biocatalyst is found or developed, disadvantages
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can emerge primarily from long term stability, cofactor supply or regeneration, substrate or
product inhibition, low substrate concentrations and conversion/turnover rates, and down-
stream processing problems. Thus, industry is interested in the development of biocatalysts
especially for difficult chemical processes like oxidation or selective methylation to replace
metal-catalyzed reactions and avoid non-economical reaction steps like protecting group in-
troduction and removal to obtain chemoselectivity.

In addition, even the five-step biosynthetic pathway to Nar starting directly from the phe-
nylpropanoic acids was already achieved in different microorganism like E. coli [61], yeast like
S. cerevisiae [68] or in combination of procaryotes and eucaryotes [69]. This approach offers
simple and low-priced substrates like p-coumaric acid or even L-phenylalanine to achieve
costly and rare flavonoids (Fig. 1.8A). Furthermore, the choice of the precursor defines the
synthesized structure of the flavanone offering a multitude of natural and unnatural flavonoids
in approach (Fig. 1.8B) [69].

A
L-phenylalanine 4-coumaroyl-CoA (S)-naringenin OH
HO  NH, _PAL _ CoA—S CHS
C4H © HO O
0 4cL
OH O
B
RZ
CoA—S o
_ CHS |
0 CHI e s R
OH O ri© O

Fig. 1.8: Approach for biocatalytic synthesis of (S)-naringenin starting from L-phenylalanine (A) and pre-
cursor-directed biosynthesis of further flavonoids (B). A: L-phenylalanine is the natural precursor for the five-
step biosynthesis of flavonoids. B: Modification at the aromatic ring of the CoA ester by for example oxidation,
methylation and/or prenylation are shown schematically and lead to modified flavanones by an artificial pathway.
Further modifications (dashed arrows) result in various natural and unnatural flavonoids.

Although there are a few strategies and proposals for the biocatalytic synthesis of flavonoids

like ED and HED, the biotechnological production of high amounts in an efficient and simple-

cultivating host like E. coli for commercial applications is still in the initial state.

Hence, this study concerns two strategies to obtain the desired flavonoids ED and HED in
E. coli. Chapter | focuses the precursor-directed biosynthesis of ED and HED starting from

caffeic acid and ferulic acid, wherein plant enzymes are heterologously expressed in E. coli
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and investigated according to their substrate spectrum. Finally, a first approach of the en-
zyme cascade for in vivo biotransformation is presented. Chapter Il centers the oxidation of
Nar into ED and targets the screening for a suitable biocatalyst of selective 3’-hydroxylation
from microorganisms and plants. The appropriate candidate — a triple mutant of CYP102A1
from Bacillus megaterium (BM3-GVQ) — is further investigated and optimized for the ED pro-
duction. The system is first applied as in vivo biotransformation feeding Nar. The last chapter
lll concerns the methylation of ED forming HED using the appropriate OMT of Mesembryan-
themum crystallinum (PFOMT) heterologous expressed in E. coli based on the diploma thesis
of 2010 [70]. The substrate spectrum of PFOMT is further investigated and first steps of
in vivo biotransformation are presented. This chapter concludes the linkage of oxidation and
methylation by an enzyme-cascade that is first applied as in vivo whole-cell biotransfor-

mation.
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2 Materials and methods

2.1 Materials

2.1.1 Consumables and Chemicals

Reagents and consumables were purchased as listed in table 2.1. Bidestilled water for buff-

ers and solutions was achieved using a MilliQ-biocel apparatus from Millipore (Billerica,

USA); methanol and ethyl acetate were applied after in house distillation.

Table 2.1: List of reagents.

reagents and consumables

purchaser

Acetic acid, Rotipuran® 100% (AcOH)

Roth, Karlsruhe

Aceton-D6 (C3Dg0)

VWR, Darmstadt

Acetonitrile, HPLC grade (MeCN)

Merck, Darmstadt

Acrylamide:Bis-acrylamide (37.5:1), 30% solution

Merck, Darmstadt

Agar

Roth, Karlsruhe

Agarose

Roth, Karlsruhe

Ammonium acetate (NH4OAcC)

Sigma-Aldrich, Munich

Ammonium peroxydisulfate (APS)

Roth, Karlsruhe

Ampicillin, sodium salt

Roth, Karlsruhe

10x BamHlI buffer

Thermo Scientific, Darmstadt

2x B-PER™ Bacterial Protein Extraction Reagent
(B-PER Il reagent)

Thermo Scientific, Darmstadt

Bromophenol blue

Roth, Karlsruhe

Carbenicillin

Roth, Karlsruhe

Chloroform EMPLURA®

Merck, Darmstadt

Coomassie brilliant blue G-250

Roth, Karlsruhe

Diethyl ether EMSURE®, p.a.

VWR, Darmstadt

Dimethyl sulfoxide (DMSO), 299.5% (GC)

Sigma-Aldrich, Munich

6x DNA Loading Dye

Thermo Scientific, Darmstadt

10x DreamTaq buffer

Thermo Scientific, Darmstadt

Ethanol, 96% (EtOH)

Merck, Darmstadt

Ethidium bromide (10 mg mI™)

VWR, Darmstadt

Ethyl acetate EMSURE® (EtOAC)

Merck, Darmstadt

Flavin adenine dinucleotide (FAD)

Roth, Karlsruhe

Formic acid, > 98% (HCOOH)

Roth, Karlsruhe

Gene-Ruler™ 1 kb DNA Ladder

Thermo Scientific, Darmstadt
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reagents and consumables

purchaser

a-D(+)- Glucose

Roth, Karlsruhe

D-Glucose 6-phosphate sodium salt (glc-6-P)

Sigma-Aldrich, Munich

Glycerol

Roth, Karlsruhe

Hydrochloric acid (37%) (HCI)

Roth, Karlsruhe

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)

Roth, Karlsruhe

Imidazole

Roth, Karlsruhe

Isopropyl alcohol

Merck, Darmstadt

Isopropyl B-D-1-thiogalactopyranoside (IPTG)

Roth, Karlsruhe

Kanamycin sulfate

Roth, Karlsruhe

K,HPO, Merck, Darmstadt

KCI Sigma-Aldrich, Munich
KH,PO, Sigma-Aldrich, Munich
Lactose Sigma-Aldrich, Munich

B-mercaptoethanol

Roth, Karlsruhe

Methanol NORMAPUR®, p. a. (MeOH)

VWR, Darmstadt

MgCl, x 6 H,O Roth, Karlsruhe

MgSO, VEB Laborchemie, Apolda (GDR)
N, Air Liquide, DUsseldorf

NaCl Roth, Karlsruhe

NaOAc Merck, Darmstadt

Na,S,0, Fisher Scientific, Schwerte

NaOH Roth, Karlsruhe

Nicotinamide adenine dinucleotide (NADH)

Roth, Karlsruhe

Nicotinamide adenine dinucleotide phosphate
(NADPH)

Appli Chem, Darmstadt

(NH4)2SO4

VEB Laborchemie, Apolda (GDR)

dNTP-Mix
(10 mM per desoxynucleotide triphosphate)

Thermo Scientific, Darmstadt

PageRuler™ Plus Prestained Protein Ladder

Thermo Scientific, Darmstadt

10x Pfu buffer

Thermo Scientific, Darmstadt

Phenylmethylsulfonyl fluoride (PMSF)

Sigma-Aldrich, Munich

Potassium acetate (KOAc)

Merck, Darmstadt

Roti®-Phenol/Chloroform/Isoamyl alcohol

Roth, Karlsruhe

Roti®-Quant (Bradford reagent)

Roth, Karlsruhe

S-(5'-Adenosyl)-L-methionine p-toluenesulfonate salt
(SAM)

Sigma-Aldrich, Munich

Sodium dodecylsulfate (SDS)

Roth, Karlsruhe
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reagents and consumables

purchaser

10x T4 DNA ligase buffer

Thermo Scientific, Darmstadt

Tetramethylethylenediamine (TEMED)

Roth, Karlsruhe

Trichloroacetic acid (TCA)

Alfa Aesar, Karlsruhe

Tris(hydroxymethyl)aminomethane (Tris) Roth, Karlsruhe

Tris-Hydrochloride (Tris-HCI) Roth, Karlsruhe

Tryptone / peptone ex casein (tryptone) Roth, Karlsruhe

Yeast extract Roth, Karlsruhe

2.1.2 Substrates and reference substances

Substrates and reference substances used for enzymatic assays and as analytical standards
are shown in table 2.2. Each compound was ordered in its highest available quality. Synthetic
derivatives of hydroxycinnamic acid (HCAs) and isoferulic acid were synthesized in house
(Dr. Martin Dippe). Unless otherwise noted, 10 mM stock solutions, dissolved in MeOH, were
prepared.

Table 2.2: Substrates and reference substances for analytics and enzymatic assays.

compound purchaser

Adenosine 5’-triphosphate

(ATP) disodium salt hydrate Sigma-Aldrich, Munich

Caffeic acid Sigma-Aldrich, Munich

Cichoric acid Symrise, Holzminden

Coenzyme A trilithium salt

dehydrate (coenzyme A) AppliChem, Darmstadt

1,5-Dicaffeoyl-quinic acid Symrise, Holzminden

3,4-Dicaffeoyl-quinic acid Symrise, Holzminden

3,5-Dicaffeoyl-quinic acid Symrise, Holzminden

4,5-Dicaffeoyl-quinic acid Symrise, Holzminden

Dihydroxyfumaric acid hydrate Sigma-Aldrich, Munich

(DHFA)

Flavanone Acros Organics, Thermo Fisher Scientific, Geel, Belgium
Flavone Sigma-Aldrich, Munich

Ferulic acid Sigma-Aldrich, Munich

Fisetin Symrise, Holzminden

(-)-Epicatechin Symrise, Holzminden

Eriodictyol (ED) Symrise, Holzminden

Eriodictyol chalcone (EDch) Extrasynthese, Genay Cedey, France
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compound

purchaser

Hesperetin (Hesp)

Symrise, Holzminden

Homoeriodictyol (HED)

Extrasynthese, Genay Cedey, France

2-Hydroxyflavanone

Sigma-Aldrich, Munich

6-Hydroxyflavanone

Sigma-Aldrich, Munich

7-Hydroxyflavanone

Acros Organics, Thermo Fisher Scientific, Geel, Belgium

3-Hydroxyflavone

Sigma-Aldrich, Munich

3’-Hydroxyflavone

Sigma-Aldrich, Munich

Luteolin Sigma-Aldrich, Munich
Malonyl-CoA Santa Cruz, Dallas, U.S.A.
Methoxyflavone Sigma-Aldrich, Munich
Myricetin Symrise, Holzminden

Naringenin (Nar)

Sigma-Aldrich, Munich

Oleuropein

Symrise, Holzminden

p-Coumaric acid

Sigma-Aldrich, Munich

Phloretin

Extrasynthese, Genay Cedey, France

Sterubin

Symrise, Holzminden

Rosmarinic acid

Symrise, Holzminden

Taxifolin

Sigma-Aldrich, Munich

2.1.3 Enzymes

Enzymes were purchased as listed in table 2.3 and stored as described in manufacturer’s in-

structions.

Table 2.3: Applied enzymes and the corresponding provider.

type enzyme source

oxidoreductase e catalase from bovine liver Roth; Karlsruhe
(211,700 U mg™ solid)

e horseradish peroxidase (HRP)
(2250 U mg™ solid)

e tyrosinase from mushroom
(21,000 U mg™ solid)

e 2-hydroxybiphenyl 3-monooxygenase
(2-HBP), recombinantly expressed in
E .coli, purified and freeze-dried

Iris Biotech GmbH,
Marktredwitz
Sigma-Aldrich, Munich

Barttomiej Tomaszewski
(TU Dortmund)

(1.2 U mg™
dehydrogenase glucose-6-phosphate dehydrogenase, Roche, Indianapolis,
grade I, from yeast (glc-6-P-DHG) U.S.A.
(140 U mI™)
DNAse DNAse | (3,000 U mg™) AppliChem, Darmstadt
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type enzyme source
ligase T4 DNA ligase (5 U pl™) Thermo Scientific,
Darmstadt
glycosidase lysozyme (20,000 U mg™) Roth, Karlsruhe
polymerase DreamTaqg DNA polymerase (5 U pl'l) Thermo Scientific,
PfuUltra HF DNA polymerase (2.5 U ul'l) Darmstadt
restriction enzyme | BamHI (10 U pl™) Thermo Scientific,
Dpnl (10 U pI™) Darmstadt
Hindlll (10 U ul™)

2.1.4 Media

Escherichia coli (E. coli) cells were grown in auto-inducing media and in Luria-Bertani (LB)
broth. Super Optimal broth with Catabolite repression (S.0.C.) was used to cultivate bacteria
competent cells after plasmid DNA transformation. Before application, medium was auto-
claved at 121 °C with excess pressure for 20 min according to GenTSV §12. Sterile filtered
additives were added after autoclaving as designated. 0.1 % (v/v) of the appropriate sterile
filtered antibiotic (table 2.4) was generally added to LB and auto-inducing medium before us-

age. For whole-cell biotransformation, ampicillin was replaced with carbenicillin.
Auto-inducing medium

1 | auto-inducing medium is composed of 928 ml autoclaved ZY medium (10 g tryptone, 5g
yeast extract mixed with 925 ml H,0), 1 mM MgSO, (sterile filtered), 1 ml trace metal mix
(2000x), 20 ml 5052 solution (50x) and 50 ml NPS (20x). The compositions of mixed solutions
are shown in table 2.4.

Table 2.4: Composition of mixing solutions for auto-inducing media.

trace metal mix (1000x) 5052 solution (50x) NPS (20x)
50 ml 0.1 M FeCl;z in 0.1 M HCI 25 % (wi/v) glycerol 0.5 M (NH,4)»,S0,4
(sterile filtered) 2.5 % (w/v) glucose 1M KH4PO,
20 mM CacCl,
10 mM ZnS0O,
2 mM CoCl,
2 mM CuCl,
2 mM NiCl, 10 % (w/v) a-lactose 1 M Na,HPO,
2 mM Na,MoO,
2 mM Na,SeO;
2 mM H3BO;
ad 100 ml H,O
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LB medium

LB medium contained 10 g I tryptone, 10 g I* NaCl and 5 g I yeast extract. For preparation

of LB agar plates, 15 g I'* agar was added before autoclaving.

S.0.C. medium

S.0.C. medium was prepared with 20 g I'" trypton, 5 g I* yeast extract and 0.5 g I* NaCl. Af-

ter autoclaving, sterile filtered salt solutions were added to achieve the final concentrations of
10 mM MgSO,, 10 mM MgCl, and 2.5 mM KCI. After addition of sterile filtered 20 mM glu-

cose, S.0.C. medium was aliquoted and stored at -20 °C.

2.1.5 Buffers and stock solutions

Compositions of used buffers and stock solutions are listed in table 2.5.

Table 2.5: Composition of buffers and stock solutions used.

buffer and stock solutions

composition

50x TAE running buffer (pH 8.0)

2 M Tris, 1 M AcOH, 100 mM EDTA

10x SDS-PAGE running buffer

250 mM Tris, 2 M glycine, 10g I"'SDS

5x SDS-PAGE loading dye

10% (w/v) SDS , 10 mM B-mercaptoethanol,
200 mM Tris-HCI, 0.05% (w/v) bromphenol blue,
20% (v/v) glycerol

KP; buffer (pH 7.5)

50 mM potassium phosphate buffer
(K;HPO4 + KH,PO,)

ampicillin, sterile filtered

100 mg ml™*

carbenicillin, sterile filtered

50 mg ml™"

DNAse | solution

1 mg mI" DNase I, 20 mM Tris-HCI (pH 7.5),
1 mM MgCl,, 50 % glycerol

kanamycin, sterile filtered

50 mg ml™

IPTG, sterile filtered

1M

Coomassie staining solution

10 % AcOH (v/v), 50 % MeOH (v/v), 40 % H,O
(v/v), 0.25 % Coomassie brilliant blue G-250 (w/v)

Coomassie decolorizing solution

30 % MeOH (v/v), 10 % AcOH, ad 1 | H,O

lysis and binding BM3

50 mM KP; buffer, 300 mM KCI, 0.1 mM PMSF,

buffer pH 7.5
PFOMT 50 mM KP; buffer, 10 % glycerol, pH 7.5
MBP-At4CL2, 50 mM KP; buffer, 10 % glycerol, 10 mM imidaz-
CHS2 ole, pH 7.5

elution buffer MBP-At4CL2, 50 mM KP; buffer, 10 % glycerol, 300 mM imidaz-
CHS2, PFOMT, ole,pH 7.5
AtTSM1

dialysis buffer At4CL2-B, CHS2

50 mM HEPES, 5 % glycerol, 100 mM NacCl,
100 pM EDTA, pH 7.5
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2.1.6 Bacterial strains

Different chemically competent E. coli strains were used for gene cloning and expression
listed in table 2.6. Strains were cultivated according to section 2.3.1. Streaked on agar plates,
E. coli strains were stored at 4 °C for several weeks. For long-time storage at -80 °C, glycerol
stocks were prepared by addition of 20 % glycerol to an E. coli starter preculture (section
2.3.1).

Table 2.6: E. coli strains used for gene cloning and expression.

application E. coli strain provider
gene cloning DH5a Life technologies, Darmstadt
DH10B Life technologies, Darmstadt
gene expression | BL21 (DE3) Life technologies, Darmstadt

BL21 (DE3) star

Life technologies, Darmstadt

T7 Express Competent (High Efficiency)

New England Biolabs, Ipswich (UK)

M15[pRep4]

Qiagen, Hilden

2.1.7 Plasmids

Plasmids for gene cloning and expression are shown in table 2.7. For testing transformation

efficiency (section 2.3.3), pUC19 plasmid ordered from New England Biolabs (Ipswich, UK)

was used.

Table 2.7: Plasmids for gene cloning and expression.

variants gene /donor vector resistance, source
organism features

BM3: CYP102A1 mu- pET- kanamycin re- plasmid DNA
F87V; tants / Bacillus 28a(+) sistance, N-terminal | from Jirgen
F87A/A328V (AV); megaterium 6xHis-tag, T7 pro- Pleif3, ITB,
A74G/F87A/L188Q moter, pBR322 Stuttgart
(GAQ); origin
A74G/F87V/L188Q (GVQ)
origin: BM3-F87V CYP102A1 mu- pET- kanamycin re- section 4.3.3
BM3: tant / Bacillus 28a(+) sistance, N-terminal
A74G/F87V (GV); megaterium 6xHis-tag, T7 pro-
F87V/L188Q (VQ); moter, pBR322
L75S/F87V/L188Q (SVQ); origin
L75S/F87V/L188Q (NVQ)
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variants gene /donor vector resistance, source
organism features
origin: BM3-GVQ
BM3: kanamycin re-
,(A\gg\(i/QL;SS/FWV/ L188Q CYP102A1 mu- sistance, N-
A74G/LTSN/FS7V/L188Q tant / Ba'(:lllus pET-28a(+) terminal 6xHis- section 4.3.3
megaterium tag, T7 promoter,
(GNVQ); BR322 origin
A74G/F87V/L188Q/A330S P g
(GVQS)
PEOMT / Mes- amp|C|II|n re-
embrv- sistance, N- clone from
PFOMT Y pQE30 terminal 6xHis- Thomas Vogt,
anthemum
crvstallinum tag, T5 promoter, | IPB, Halle
y ColE1 origin
kanamycin re-
sistance, N- clones from
4HPA3H ! . L
4HPA3H 3. /. . | pET-28a(+) terminal 6xHis- Martin Dippe,
Escherichia coli
tag, T7 promoter, | IPB, Halle
pBR322 origin
ampicillin re-
at1g67990/ Ar- sistance, N- clone from
AtTSM1 abidopsis thali- | pQE30 terminal 6xHis- Thomas Vogt,
ana tag, T5 promoter, | IPB, Halle
ColE1 origin
Arabidopsis Bio-
21240/ Ar- i - i -
no promotor for expres- at3g21240/ Ar pENTR™/SD/D- kanamyein re logical Re
. abidopsis thali- ® sistance, pUC source Center,
sion TOPO .
ana origin Columbus,
(U.S.A)
ampicillin re-
at3g21240/ Ar- sistance, N-
At4CL2 abidopsis thali- | pDEST-N110 terminal 6xHis- section 3.3.1.1
ana tag, T7 promoter,
pUC origin
ampicillin re-
sistance, N-
at3g21240/ Ar- terminal 6xHis-
MBP-At4CL2 abidopsis thali- E/l%iST_Nllz_ tag, T7 promoter, | section 3.3.1.1

ana

maltose-binding
protein (MBP),
pUC origin
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variants gene /donor vector resistance, source
organism features
HVCHS2/ ampicilin re- 3:3&:%25&
HvCHS2 Hordeum vul- pBluescript SK(- | sistance, university of
) T7 promoter
gare ColE1 origin Copenhagen
(DK)
kanamycin re-
HvCHs2 ferminal Bt
CHS2 Hordeum vul- pET-28a(+) section 3.3.2.1
gare tag, T7 promot-
er, pBR322
origin

2.1.8 Synthetic oligonucleotides

Oligonucleotides were specifically designed for partial DNA amplification (section 2.2.2), se-
quencing or mutagenesis. Primer synthesis and gene sequencing was performed by MWG
Eurofins Operon (Ebersberg, http://www.eurofinsgenomics.de).

Suite”.

(http://www.bioinformatics.org/sms2/pcr_primer_stats.html). Primer designations and their

Designed primers were examined using “Sequence  Manipulation

corresponding sequences are listed in the following tables. For amplification and sequencing,

primers are shown in table 2.8.

Table 2.8: Primer sequences of applied oligonucleotides for DNA amplification and sequencing.

primer sequence of synthetic oligonucleotide: 5°-3’
At4CL2_1fwd GCCTCCGCGGCGAAACTCAT
At4CL2_2fwd CCCTTCACCATGACGACACA
At4CL2_1rev CATACTTCTCCGTCTCCGGC
At4CL2_2rev ACCCGTCGTGCCGGATGAGA
BM3_1fwd AAGCGGTGAACAAAGCGATG
HvCHS2_1fwd ACGGTGAAACGCCTGATGAT
HvCHS2_2fwd ATCGGCGCTGACCCTGACCA
HVCHS2_1rev TCCGTACTCCGACAGAACCT
pENTattL1for TCGCGTTAACGCTAGCATGGATCTC
pPENTattL2rev ACATCAGAGATTTTGAGACACGGGC
PFOMT_fwd CATATGGATTTTGCTGTGATGAAGCAGGTC
PFOMT _rev GAATTCAATAAAGACGCCTGCAGAAAGTG
T7_fwd TAATACGACTCACTATAGGG
T7_rev CTAGTTATTGCTCAGCGGT
T7 TOPO_His8fwd | CGAAATTAATACGACTCACTATAG
T7 TOPO_rev TAGTTATTGCTCAGCGGTGG
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Designed oligonucleotides for mutagenesis are given in table 2.9. Already existing modifica-
tions of the plasmid are printed in blue. Red colored nucleotides represent desired modifica-
tions for the preparation of BM3-variants. Unless otherwise noted, primer concentration was
10 pmol pl™.

Table 2.9: Oligonucleotides designed for mutagenesis. Red colored nucleotides represent desired modifica-
tions for the preparation of BM3-variants. Already existing modifications of the plasmid are printed in blue.

primer sequence of synthetic oligonucleotide: 5°-3’ mutation
HisTag+2_ fwd GATATACCATGGGCAG- 2x HisTag elonga-
CAGCCATCATCATCATCATCATCATCACA tion of HYCHS2
HisTag+2_rev TGTGATGATGATGATGATGATGATGGCTGCTGCC
CATGGTATATC
BM3_74G_fwd TTGATAAAAACTTAAGTCAAGGTCTTAAATTT- A74G of BM3-
GTACGTGATTT F87vV
BM3_74G_rev AAATCACGTACAAATTTAAGACCTT-
GACTTAAGTTTTTATCAA
BM3_188Q_fwd TGGATGAAGCAATGAACAAGCAGCAGCGAG- L188Q of BM3-
CAAATCCAGACGA F87v
BM3_188Q _rev TCGTCTGGATTTGCTCGCTGCTGCTTGTTCATT-
GCTTCATCCA
BM3_L75N_fwd CTTAAGTCAAGCGAATAAATTTGTACGTGA L75N of BM3-
BM3_L75N_rev TCACGTACAAATTTATTCGCTTGACTTAAG F87vV
BM3_74G+L75N_fwd CTTAAGTCAAGGTAATAAATTTGTACGTGA L75N of BM3-
BM3_74G+L75N_rev TCACGTACAAATTTATTACCTTGACTTAAG GVQ
BM3_L75S fwd CTTAAGTCAAGCGTCTAAATTTGTACGTGA L75S of BM3-
BM3_L75S rev TCACGTACAAATTTAGACGCTTGACTTAAG F87vV
BM3_74G+L75S_fwd CTTAAGTCAAGGTTCTAAATTTGTACGTGA L75S of BM3-
BM3_74G+L75S rev TCACGTACAAATTTAGAACCTTGACTTAAG GVQ
BM3_330S_fwd TATGGCCAACTGCTCCTTCGTTTTCCCTAT A330S of BM3-
BM3_330S_rev ATAGGGAAAACGAAGGAGCAGTTGGCCATA GVQ

2.2 Methods in molecular biology

2.2.1 Determination of DNA concentration

DNA concentration was measured by spectrophotometric estimation using Eppendorf Bio
Photometer Plus (Hamburg). Difference spectra of 2 pl plasmid DNA dissolved in 58 ul H,O
were measured in comparison to a cuvette containing 60 ul H,O (blank). Concentration and

purity of the nucleic acid was determined according to the instruction manual.

2.2.2 Polymerase chain reaction (PCR)

PCR was used for partial amplification of DNA to verify the success of plasmid transformation

in chemical competent E. coli cells (section 2.3.3) and for site-directed mutagenesis of genes
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and plasmids (section 2.2.2.2). Primers were designed and synthesized as described in sec-
tion 2.1.8.

2.2.2.1 Colony PCR

After plasmid transformation (section 2.3.3), a single colony was picked by a pipette tip and
used as a template for colony PCR. Water was used as a control. 20 pl reaction mixture con-
tained 0.2 mM dNTPs mix, 4 pmol of forward and reverse primer, 0.5 U DreamTag DNA pol-

ymerase and DreamTagq buffer.

Amplification was achieved after initial denaturation (3 min at 95 °C) within 25 repetitions of
the following cycle: denaturation for 30 s at 94 °C, annealing for 30 s at 60 °C and elongation
at 72 °C. Depending on plasmid length, elongation time was modified for the corresponding
genes: 1:40 min (At4CL2 and HvCHS?2), 3:30 min (BM3), 1:30 min (PFOMT). Final elongation
for 10 min at 72 °C completed the colony PCR reaction.

2.2.2.2 PCR site-directed mutagenesis
QuikChange Il Site-Directed Mutagenesis Kit (Agilent, Waldbronn) was used according to the

instruction manual and designed oligonucleotides (table 2.9) were used for site-directed mu-

tagenesis of the corresponding gene or plasmid.

2.2.3 Plasmid DNA isolation

Plasmid DNA was isolated from E. coli preculture (section 2.3.1) according to manufacturer’s
instructions of the QIAGEN Plasmid Mini Prep Kit (Qiagen, Hilden).

2.2.4 Restriction of plasmid DNA

For selective cleavage of the HYCHS2 gene out of the pBluescript SK(-) plasmid or for linear-
ization of the pET-28a(+) vector, 0.15 ug pl™ plasmid DNA, a double digest reaction was
achieved using 0.5 U pI* BamHI and 1 U pl™ Hindlll. The restriction assay was performed in
BamHI buffer and incubated at 37 °C for 14 h. Subsequently, the enzymes were inactivated
by incubation of the whole mixture at 80 °C for 15 min. Double digestion mixture were ana-

lyzed by agarose gel electrophoresis (section 2.2.8).

2.2.5 Isolation, purification and verification of DNA fragments
After agarose gel electrophoresis, plasmid DNA fragments were isolated and purified accord-
ing to manufacturer’s instructions of the Invisorb®Fragment CleanUp Kit (STRATEC Molecu-

lar GmbH, Berlin). DNA was verified by sequencing using the appropriate primers (section

2.1.8).
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Linearized vector was selectively precipitated after double digest mixture. An equal volume of
phenol/ chloroform/ isoamyl alcohol solution was directly added to the restriction mixture, in-
tensely mixed for 20 s and centrifuged at room temperature for 5 min at 14,000 x g. The
agueous supernatant was added to an equal volume of chloroform, subsequent mixed and
centrifuged as described above. For precipitation, 100 ul of the aqueous supernatant was
added to 800 pl isopropyl alcohol and 100 pl 3 M of KOAc solution. The mixture was incubat-
ed for 10 min on ice and then centrifuged for 15 min at 8,000 x g and 4 °C. The supernatant
was carefully removed and the resulting cell pellet was washed twice with 200 pl 70 % ice-

cold EtOH and centrifuged as above. The remaining solvent was removed using a speed vac.

2.2.6 DNA ligation reaction

The ligation of the HYCHS2 gene into the linearized vector pET-28a(+) (section 2.2.4) was
achieved with a T4 DNA ligase reaction. A 20 pl reaction mixture contained 0.15 U pl* T4
DNA ligase, T4 DNA ligase buffer and 5 ng plI* HYCHS2 gene fragment and linearized vector,
respectively, and was incubated at 4 °C overnight. 5 pl of ligation assay were directly used for

transformation into chemically competent DH5a cells as described in section 2.3.3.

2.2.7 Gateway® cloning system

For restriction and cloning the provided At4CL2 gene fragment from the entry-vector
pENTR™/SD/D-TOPO® into the Gateway™ destination vector pDEST-N112-MBP, Gateway®
LR Clonase® Il enzyme mix (Invitrogen, Life technologies, Darmstadt) was used according to

the instruction manual.

2.2.8 Agarose gel electrophoresis

Agarose gels were used to visualize gene fragments and to analyze the success of digestion
and transformation. Depending on the length of the DNA fragment, the concentration of aga-
rose in 1x TAE running buffer varied from 0.8 % to 1.5 %. The resulting suspension was
boiled up for dissolving by using a microwave. After cooling down to 40 °C, ethidium bromide
(0.5 pg mi™) was added to visualize DNA fragments by UV light. The mixed solution was
poured in a chamber with comb for polymerization. The agarose gel was loaded with samples
containing DNA Loading Dye and with 5 pl Gene-Ruler™ 1 kb DNA Ladder as a molecular
weight marker. Separation of DNA fragments was achieved by running the gel at 100 V in a
horizontal gel chamber (Biometra Compact XS/S, Gottingen) in 1XTAE buffer. A BioDocAna-
lyze (BDA) live system including BDA analysis software (Biometra, Gottingen) was used for

documentation.
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2.3 Microbiological methods

2.3.1 Cultivation of E. coli cells

E. coli strains (section 2.1.6) were streaked onto LB agar plates containing the appropriate
antibiotic and incubated overnight (14 h) at 37 °C. One single colony was used to inoculate
5 ml LB medium (section 2.1.4). The culture was incubated overnight at 37 °C and was shak-
en at 200 rpm. The resulting preculture was used for long term storage at -80 °C (section
2.1.6), plasmid preparation (section 2.2.3) or to inoculate growth media (section 2.4.1) in case

of strains applied for gene expression.

2.3.2 Preparation of chemically competent cells

Chemically competent E. coli cells were prepared according to the method of Inoue (1990)
[71]. 50 ml of LB medium was inoculated with the preculture and incubated at 160 rpm and
37 °C until an optical density at 600 nm of 0.4-0.6 was reached. The culture was centrifuged
for 10 min at 5,000 x g and 4 °C. Supernatant was removed. Cell pellet was resuspended in
20 ml 0.1 M CacCl, solution and stored on ice for 30 min. The suspension was again centri-
fuged as described above and then resuspended in 5 ml 0.1 M CacCl, solution and 900 pl of
87% sterile filtered glycerol. Suspension of chemically competent E. coli cells was aliquoted
(50 ul) and stored at -80 °C. Transformation efficiency was tested using 10 pg test plasmid
(pUC19) for transformation into one aliquot according to section 2.3.3. Depending on the

E. coli strain, transformation efficiency reached 1-3 x 10" cfu pg™.

2.3.3 Transformation of plasmid DNA into chemically competent

Escherichia coli cells

50 ul aliquots of chemical competent E. coli cells (section 2.3.2), were incubated for 5 min on
ice. After addition of 100 ng plasmid DNA (unless otherwise noted), the suspension was care-
fully mixed with a pipette tip and incubated for 10 min on ice. Heat shock transformation was
achieved by incubation of the mixture for 30 s at 42 °C in a water bath and subsequently fast
ice water quenching for 5 min. 250 pl S.O.C. medium (section 2.1.4) was added and incubat-
ed at 37 °C at 200 rpm for 1 h. Subsequently, 200 ul of the culture was streaked on a LB agar
plate containing the appropriate antibiotic for selection of successfully transformed cells. The

plate was incubated at 37 °C for 14 h.
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2.4 Protein methods

2.4.1 Gene expression
Using auto-inducing medium (section 2.1.4), 5 % preculture (v/v) (section 2.3.1) was used to

inoculate the main culture. Gene expression was achieved by incubation at 37 °C and
200 rpm for 24 h.

For expression in LB medium (section 2.1.4), 1 % starter culture (v/v) (section 2.3.1) was
used for inoculation of the main culture. Cells were grown at 37 °C and shaked at 200 rpm

until an optical density at 600 nm of 0.8-1.0 was reached.

BM3 gene expression was induced by adding IPTG in a final concentration of 0.35 mM to the
culture medium. Subsequently, the culture was incubated at 25 °C and 160 rpm for 14 h.
OMTs, At4CL2 and CHS, expression was induced with a final concentration of 1 mM IPTG at
25 °C for 14 h and shaking at 180 rpm.

2.4.2 Cell lysis by sonication

After gene expression (section 2.4.1), the culture was centrifuged at 4 °C and 8,000 x g for
20 min. The supernatant was removed and the cell pellet was resuspended in 5 ml g™ lysis
buffer containing 100 pg ml™* lysozyme and 10 ug ml™ DNase | solution (section 2.1.5). After
30 min incubation on ice, the cell lysis was supported by sonication using a Bandelin elec-
tronic SonoPuls HD 3200 for 8 x 15 s at 70 % amplitude (approximately 2200 kJ) under ice
cooling. The lysate was centrifuged at 10,000 x g and 4 °C for 30 min. The supernatant was
used for purification of the enzyme (section 2.4.3) and/or for in vitro enzymatic reaction (sec-
tion 2.5). Insoluble fraction were tested for inclusion bodies of the expressed proteins by re-
suspending 100 mg cell pellet in 1 ml urea solution (8 M) and heating at 95 °C for 10 min. The
suspension was centrifuged at 14,000 x g for 1 min and the supernatant was used for SDS-
PAGE (section 2.6.2.3).

2.4.3 Enzyme purification

The applied expression vectors (section 2.1.7) exhibit a N-terminal histidine tag fused to the
synthesized proteins which allows Immobilized Metal lon Affinity Chromatography (IMAC) for
purification. The supernatant of cell lysis (section 2.4.2) was loaded onto a previously equili-
brated HisTrap column (HisTrapT'\’I HP, 1 ml, 7 x 25 mm, GE Healthcare, Buckinghamshire,
UK) according to instruction manual with a flow rate of 0.3 ml min using a peristaltic pump.

The loaded column was initially washed with 5 ml lysis buffer followed by a washing step with
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10 ml washing buffer (10 % elution buffer + 90 % lysis buffer (v/v)). For elution, 15 ml of a
buffer mixture containing 90 % elution buffer and 10 % lysis buffer (v/v) was used. The eluate
was collected in 1 ml fractions and analyzed via protein detection methods (section 2.6.2).
Appropriate protein fractions were pooled and dialyzed under stirring in 1.5 | of the respective
dialysis buffer at 4 °C overnight using a dialysis membrane (ZelluTrans/Roth (Roth, Karls-
ruhe)) according to the instruction manual. Resulting enzyme solution was aliquoted and
stored at -80 °C.

2.5 Enzymatic reactions and preparative approaches

Enzymatic reactions were performed in vitro for activity measurement and for characterization
of catalytic activity. Substrate conversion was analyzed by two-times extraction of 1 ml of the
assay using 500 ul of EtOAc. EtOAc fractions were pooled and the extraction solvent was
removed in vacuo using Eppendorf Speed Vac Concentrator Plus 5305 (Hamburg). After re-
suspension in 200 pl MeCN, extracts were measured via HPLC and UHPLC-MS/MS. In vivo
biotransformations were performed in living whole-cells of E. coli as described in section
2.5.3.

2.5.1 Enzymatic activity assays

Compositions and conditions for small scale (up to 1 ml) activity assays are given in table
2.10. Crude extracts were prepared from lysed cell pellet according to section 2.4.2 and puri-
fied enzyme (section 2.4.3) was used for the assay. For prescreening, protein extraction was
achieved using 150 pl B-Perll reagent mixed with 50 pl DNAse for 1.5 ml bacterial culture fol-
lowing manufacturer’s instruction. In table 2.10, the assay conditions for the most relevant

enzymes are listed.
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Table 2.10: Composition and incubation conditions of enzymatic activity assays.

At4CL2 BM3 CHS2 OMT
buffer system 100 mM Tris-HCI | 50 mM Tris-HCI 100 mM HEPES | 50 mM KPi buffer
buffer (pH 7.5), buffer buffer (pH 7.0) (pH 7.5), 250 uM
2 mM MgCl, (pH 7.5) MgCl,
enzyme concen- | 10 pg At4CL2 0.4-1.0 pM BM3 10 ug CHS 1.0 uM PFOMT,
tration AtTSM1
substrate 200 pM caffeic 200 uM Nar 20 pM caffeoyl- 20 uM ED
(most relevant) acid CoA
co-substrates and | 200 uM CoA, 2.5 | 100 uM NADPH 15 uM malonyl- 1 mM SAM
cofactors mM ATP CoA

cofactor regener-

no regeneration

14 U ml™” glc-6-P

no regeneration

no regeneration

ation system DHG, 5 mM glc-
6-P
final volume 200 pl 1000 pl 1000 pl 50 pl
incubation condi- | 25 °C, 90 min 25 °C, 200 rpm, 30 min, 37 °C, 37 °C, 10 min
tions 1000 min addition of 200 pl
Tris-HCI pH 8,0

(1M), incubation
for further 15 min

Further oxidation systems of purified enzymes were not able to convert Nar into ED (table

2.11). Enzyme activity assays were performed in vitro with a separate reductase system of

either FAD or bovine adrenodoxin (Adx) and adrenodoxin reductase (AdR) to provide the

electron transfer.

Table 2.11: Assay conditions of inactive oxidation systems for the substrate Nar.

CYP106A2

(B. megaterium)

CYP109D1, CYP264A1,
CYP260A1, CYP260B1
(S. cellulosum)

2-HBP
(P. azeleica)

buffer system

20 mM KP; buffer (pH 7.5)

20 mM KP; buffer (pH 7.5)

enzyme concentra-
tion

1 UM CYP

10 pg 2-HBP

substrates 100 puM substrate 200 UM substrate

co substrates and 100 uM NADPH, 1 mM MgCl, 300 1M NADH
cofactors

cofactor regenera- | 5 mM glc-6-P, 1 U glc-6-P DHG .

. no regeneration system
tion system

electron transfer 3 UM AdR, 20 uM Adx 8 uM FAD

system

final volume 250 pl 1000 pl

incubation condi- 30 °C, 300 rpm, 60 min 30 °C, 30 min

tions
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2.5.2 Preparative substrate conversion

For a preparative scale of 20 umol expected product, standard assays, described in section
2.5.1, were scaled up to an assay volume of 10 ml and were performed in a 100 ml flask and
incubated overnight. Enzymatic product of preparative conversion by BM3-GVQ was isolated

using semi-preparative HPLC (section 2.6.3.1).

For a preparative scale of expected 10 umol CoA ester, At4CI2 standard assay was scaled
up to an assay volume of 20 ml, performed in a 100 ml flask and incubated overnight:
40 umol HCA was preincubated with 5.1 umol CoA, 2.5 umol ATP and 500 pg ligase. Fresh
CoA (5.1 umol), ATP (2.5 umol) and protein (500 g ligase) were added to the mixture after
5 h preincubation and further incubated overnight. Unconverted acids were extracted from the
mixture using 2 times 10 ml diethyl ether. CoA esters were isolated by purification over Solid
Phase Extraction (SPE) cartridge (CHROMABOND® Ci1s ec, 1 g, 60 A, 45 um, Macherey-
Nagel, Duren). The cartridge was previously conditioned with 10 ml of MeOH, following by
H,O and finally 4 % NH4;OAc solution. 400 mg NH,OAc were added to the extracted mixture
and loaded onto a cartridge. After washing with 10 ml 4 % NH,OAc solution, CoA esters were
eluted using 10 ml water under spectrometric control (section 2.6.3.4). The solvent was re-
moved by freeze-drying and the product was stored at -20 °C.

2.5.3 Living whole-cell biotransformation

Living whole-cell biotransformation was performed in LB medium or Al medium (section
2.1.4). The Al medium was inoculated with 5 % (v/v) preculture (section 2.3.1) and substrate
(2100 mM dissolved in DMSO) was added to a final concentration of 200 uM. Culture medium
was incubated at 37 °C and 200 rpm for 25 h. For conversion in LB medium, the cells were
grown at 37 °C and 180 rpm until an ODggo oOf 0.8-1.0 was reached. Afterwards gene expres-
sion was induced with 1 mM IPTG. After 3 h incubation time at the same conditions, substrate
was added to the medium to a final concentration of 200 uM and the mixture was further in-
cubated for 16 h. The alteration of cell density, gene expression and substrate conversion
were analyzed at defined time points. Therefore, samples were taken from the main culture.
Optical density was determined at 600 nm. For the analysis of protein biosynthesis, 1 ml of
culture broth was centrifuged at 14,000 x g for 10 minutes. The resulting cell pellet was used
for analyzing protein expression via SDS-PAGE (section 2.6.2.3) by using 150 pl B-Perll rea-

gent mixed with 50 pl DNAse following manufacturer’s instruction.

Substrate conversion was analyzed by two-times extraction of 1 ml supernatant of the centri-

fuged culture with 500 pl of EtOAc containing 1 % HCOOH. EtOAc fractions were pooled and
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the extraction solvent was removed in vacuo. After resuspending in 200 ul MeCN, the ex-
tracts were measured via HPLC and UHPLC-MS/MS (section 2.6.3).

2.6 Analytics

2.6.1 H,0, determination (HRP o-dianisidine assay)

Horseradish peroxidase (HRP) catalyzes the reaction of H,O, with the chromogenic o-
dianisidine under acidic conditions (Fig. 2.1). The resulting pink-colored chromophore was
detected at 540 nm.

H,0, 2 H,0
OCH, Amax=240nm OCH,
HRP
s Dy
H;CO H;CO

Fig. 2.1: Reaction of H20, and o-dianisidine catalyzed by HRP forming a pink chromophore.

100 pl reagent solution containing 2.5 U mI™ HRP and 0.1 mg ml™ o-dianisidine hydrochloride
dissolved in 50 mM NaOAc were added to 50 ul assay or calibration solution and incubated
for 5 min at 25 °C. The enzymatic reaction was stopped by adding 100 ul of 12 N H,SO, solu-
tion. The whole mixture was centrifuged for 2 min at 14,000 x g. 125 ul of the supernatant
were measured at 540 nm. Quantification of H,O, was calculated using an external calibration
curve in the range of 60 uM and 600 uM. For determination of H,O, within the assay, tripli-
cates of the HRP o-dianisidine assay were performed.

2.6.2 Protein detection
Protein was detected via UV spectroscopy and quantified by Bradford assay [72] or CO dif-
ference spectra for CYPs [73]. SDS-PAGE was used for qualitative characterization of the

protein composition in solution.

2.6.2.1 Protein concentration determination (Bradford assay)

Protein concentration was determined photometrically using Roti®-Quant as described in in-
structors manual and the mixture was measured at 595 nm. An external BSA calibration
curve between 0 and 2 mg ml™ was used for estimation of protein content according to linear

regression: abs = 0.049 X [protein]xDf .

abs = absorption; Df = Dilution factor
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2.6.2.2 P450 concentration determination from CO difference spectra

For calculating the active cytochrome P450 concentration of the lysate, CO difference spectra
were recorded on a UV/Vis spectrometer (Jasco V-560): 100 ul cell lysate was added to
1500 pl 50 mM KP; buffer containing 300 mM KCI (pH 7.5) und mixed carefully. Diluted lysate
was reduced by adding 3 mg sodium dithionite and was mixed carefully by tube inverting.
Mixture was separated into two cuvettes (700 ul) and a base line at 400 nm to 500 nm was
measured. One of the cuvette was aerated with CO under the fume hood for 30 s and sealed.
Immediately, a difference spectrum of the aerated and the non-aerated solution was meas-

ured and used for calculation of active P450 enzyme according to the law of Lambert-Beer:

AA450-490%Df

c(P450) = =48

d=1cm, e= 91 (mMcm™)

2.6.2.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE was used to visualize proteins and to analyze the success of overexpression and
purification. The standard procedure was performed according to Laemmli [74]. 5 ul Pag-
eRuler™ Plus Prestained Protein Ladder was used as a molecular weight marker. Depending
on the molecular weight of the expected proteins, polyacrylamide content in the running gel
differed in the range of 10 - 14 %. In the stacking gel, 4 % polyacrylamide was polymerized.
Samples were prepared in a final volume of 20 pul containing 5 pg protein of soluble protein
fraction after cell lysis (section 2.4.2) and SDS-PAGE loading dye. Sample mixture was heat-
ed for 5 min at 95 °C for denaturation before running SDS-PAGE at 30 mA in the stacking gel
and at 60 mA for separation in the running gel in a vertical gel chamber Eco-Mini (Biometra
Gottingen). A BioDocAnalyze (BDA) live system including BDA analysis software (Biometra,

Gottingen) was used for documentation.

2.6.3 Analytics of substances

Full range UV/Vis spectra of all compounds used were scanned on a Jasco V-560 spec-

trometer. Reference substances were used as standards for analytics (Fig. B 11).

2.6.3.1 Chromatography (HPLC)

HPLC was performed for quantification and preparative separation of the product after enzy-

matic conversion visualized via photodiode array detector in the range of 200 and 400 nm.
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Column and conditions depending on the substance class and application are summarized in
table 2.12. For quantification calibration curves using defined concentrations of standards
were prepared (Fig. B 11). The area under the curve (AUC) of HPLC at 280 nm was com-
pared to a similarly treated control with an empty vector and the relative compound formation
was calculated. For chiral HPLC measurement, the samples and references were dissolved
in isopropyl alcohol. UHPLC-MS/MS technique, realizing higher resolution of chromatography
and targeted fragmentation of selected compounds, was used for identification of the prod-
ucts. The positive ion electrospray ionization (ESI) mass spectra and the collision-induced
dissociation (CID) mass spectra were obtained from a TSQ Quantum Ultra AM system
equipped with a hot ESI source (electrospray voltage 3.0 kV, sheath gas: nitrogen; vaporizer
temperature: 100 °C; capillary, temperature: 300 °C). The MS system is coupled with a
UHPLC-system Accela 1250 (Thermofisher Scientific). The CID mass spectra were measured
with a collision energy of 15 eV (collision gas: argon; collision pressure: 1.5 mTorr). Semi-
preparative HPLC was applied to purify the product from the reaction mixture after prepara-
tive substrate conversion (section 2.5.2). The solvent was removed by freeze-drying and the

product was analyzed according to section 2.6.3.

Table 2.12: Columns and conditions and (U)HPLC techniques applied.

. analysis of analysis of analysis of UHPLC-MS/MS semi-
application ) chiral flavo- ) preparative
flavonoids . CoA esters analysis .
noids purification
YMC-Pack B&D, | Daicel column YMC-Pack B&D, | Syncronis C18, YMC-Pack B&D,
column ODS-A, Chiralpak, AS- ODS-A, 150 x RP18 50 x ODS-A, 150 x
150 x4.6 mm, H, 250 x 4.6 mm, 5 yM 2.1 mm, 1,7 ym, | 10 mm, 5 uM,
5 uM 4.6 mm, 5 pM 12 nm
method gradient isocratic gradient gradient gradient
95:5 60 % hexane/ 95:5 (H20 con- 85:15 95:5
(H20:MeCN 40 % isopropyl taining 0.5 % (H20:MeCN (H20:MeCN

mobile phase

each containing
0.2 % HCOOH)
to 5:95 within

20 min to 0:100

alcohol, 30 min,
25°C

H3PO4IM€CN)
to 5:95 within
20 min to 0:100
stayed for 5 min

each containing
0.2 % HCOOH)
to 60:40 within

30 min to 0:100

each containing
0.2 % HCOOH)
to 5:95 within

20 min to 0:100

stayed for 5 min stayed for stayed for 5 min
10 min
flow 0.5 ml/min 0.5 ml/min 0.5 ml/min 150 pl/min 3.8 ml/min
injection volume | 5 pl 10l 5ul 1l 20 pl

For flavonoids bearing less than three hydroxyl groups, GC-MS was used instead of UHPLC-
MS. GC/El mass spectra were obtained from a GCMS-QP2010 (High-End Gas Chromato-
graph-Mass Spectrometer) equipped with a 70 eV electron-impact ionization, a source tem-

perature of 200 °C, and a ZB-5MS column (Zebron, 30 m x 0.25 mm x 0.25 pm). Injector
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temperature was 220 °C by applying an injection volume of 1 pl and a splittless injection. A
temperature program was established starting from 60 °C for 1 min, ramping at 10 K min™ till
300 °C and finally heating for 5 min with a helium flow rate of 1 ml min™. The scan rate for
mass spectra in the range of 40-500 u was 1000 u s™. For compound identification, authentic
standards, if available, were compared with the samples to verify compound identity.

2.6.3.2 MS spectrometry
FINNIGAN MAT TSQ 7000 using ESI voltage of 70 eV was used for MS analysis.

High resolution mass spectrometry (HR-MS) was performed using Bio Apex 70eV with ESI
injection technique and Fourier transformation of ion cyclotron resonance (FT-ICR) MS. The
positive and negative ion high resolution ESI mass spectra were obtained from a Bruker Apex
lIl Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (Bruker Daltonics,
Billerica, USA) equipped with an Infinity™ cell, a 7.0 Tesla superconducting magnet (Bruker,
Karlsruhe, Germany), an RF-only hexapole ion guide and an APOLLO electrospray ion
source (Agilent, off axis spray). Nitrogen was used as drying gas at 150 °C. The sample solu-
tions were introduced continuously via a syringe pump with a flow rate of 120 ul h™. All data

were acquired with 512 k data points and zero filled to 2048 k by averaging 32 scans.

2.6.3.3 NMR spectroscopy

VARIAN UNITY 400 (*H: 399.94 MHz, *3C: 100.57 MHz) and a VARIAN VNMRS 600 (‘H:
599.83 MHz, *C: 150.84 MHz) were used for measurement of a *H-NMR and **C-NMR, *'P-
NMR and 2d-NMR (COSY, TOCSY, HSQC, HMBC, ROESY) spectra of substrates, products
and available references. Flavonoids were dissolved in deuterated acetone (*H: 2.057 ppm)
including tetramethylsilane (*H: 0 ppm) as internal standard. CoA esters were dissolved in

deuterated water (*H: 1.55 ppm).

2.6.3.4 UV-Vis Spectroscopy

CoA ester formation was determined by a wave length shift using absorbance difference
measurement and for product verification of CoA esters at selected wave length according to

Meng et al. [75] via SpectraMax M5 Multi-Mode Microplate Reader.
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2.6.4 Computer modeling and docking

2.6.4.1 BM3-GVQ

The three dimensional protein model of the BM3 variant GVQ was created using MOE (Mo-
lecular Operating Environment) [76]. Based on the X-ray structure of the wild-type enzyme
(protein data bank-code: 1bu7), mutations were introduced and crystallized water molecules
removed. A short (475 ps) molecular dynamic (MD) simulation with YASARA 2 force field [77]
was done using the MD refinement function of YASARA (Yet Another Scientific Artificial Real-
ity Application) [78]. The quality of the model was validated via Ramachandran plot of MOE
and PROCHECK [79]. Heme was bound to oxygen in SYBYL [80] to create a transition state
of the reaction. The model was energy minimized by MOE (Amber12:EHT[81], born solvation
[82]).

Nar structures of both configurations and their conformers were constructed in MOE and min-
imized with the MMFF94x force field [83].

GOLD Suite v5.1 (Genetic Optimization for Ligand Docking) [84, 85] docking studies were
performed at a radius of 20 A to the binding pocket (center: backbone oxygen of A264) with 5
flexible side chains (rotamer library) in the active site: S72, L75, V87, Q188 and L437. 20 pro-

tein-ligand complexes were created and valued using GOLDSCORE.

2.6.4.2 AtTSM1

Analogous to the three-dimensional structure of BM3-GVQ (section 2.6.4.1), a homology
model of AtTSM1 was created based on the x-ray structure of PFOMT (pdb-code: 3C3Y [86])
as a template using YASARA [77, 78]. The quality of the model was proved via PROCHECK
[79]. The docking of the ligands within the active site of the model was realized using
PLANTS [87, 88]. 10 docking poses were generated with flexible side chains (rotamer library)
in the active site of the appropriate protein: for PFOMT S72, Y51, M52, W184 and F198; and
Lysl7, Glu49, M50, W180, F181 and His194 for AtTSM1. Generated docking poses were
elected due to the lowest distance of the methyl group of SAM to the receptor hydroxyl group

of the substrate.
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3 Chapter I: Precursor-directed biosynthesis of flavonoids

3.1 Introduction

The biosynthesis of flavonoids in plant secondary metabolism of plants is well-investigated
since several decades [89-92]. This phenylpropanoid pathway is starting from L-
phenylalanine — a product from the shikimate pathway. The amino acid is converted over

three different enzymatic steps into 4-coumaroyl-CoA (Fig. 3.1).

L-phenylalanine trans-cinnamic acid
HO NH, PAL C4H
-NH3 HO / / ;‘
0 NADPH + H*, NADP*,
o 0, H,0
trans-4-coumaric acid 4-coumaroyl-CoA
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Fig. 3.1: Phenylpropanoid pathway. The conversion starts with L-phenylalanine that is produced in the shikimate
pathway. L-phenylalanine ammonia lyase (PAL) catalyzes the convertion into ammonia and trans-cinnamic acid
which is subsequently hydroxylated to trans-4-coumaric acid catalyzed by trans-cinnamic acid 4-hydroxylase
(C4H). The activation into the thioester is catalyzed by 4-coumarate:CoA ligase (4CL) and requires coenzyme A
(CoASH) and ATP. The resulting ester is elongated with three units of malonyl-CoA and cyclized into naringenin
chalcone by a chalcone synthase (CHS). The final stereospecific ring closure is catalyzed by the chalcone isomer-
ase (CHI) forming the (2S)-flavanone naringenin.

The thioester formation from hydroxycinnamic acid (HCA) and coenzyme A (CoASH or CoA)
depends on ATP, Mg?* and is catalyzed by the 4-coumarate: CoA ligase (4CL). The common
flavonoid skeleton consisting of three rings is constructed by the elongation of 4-coumaroyl-
CoA with three units of malonyl-CoA, following by the cyclization and the aromatization into
the chalcone catalyzed by the chalcone synthase (CHS). Finally, the stereospecific ring-

closure into the (2S)-flavanone is obtained by a chalcone isomerase (CHI). The basic struc-
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ture of (S)-naringenin is decorated afterwards by hydroxylation, prenylation, methylation or
glycosylation catalyzed by further enzymatic reactions forming the enormous variety of flavo-
noids with diverse features. Typical products of this biosynthetic pathway are for example
catechines, which are prominent for their astringent taste. They are found in unfermented
green tea but occur also in red wine and cacao [4], or anthocyanins which are responsible for
flower pigmentation next to betalains and carotenoids [27].

Within the CHS reaction (Fig. 3.2), the condensed malonyl-CoA units are converted into ace-
tyl extender units by decarboxylation, yielding the trihydroxybenzene structure of ring A. De-
pending on the substitution of the starter unit hydroxycinnamoyl-CoA (HCA-CoA), different
chalcones can be produced. The required malonyl-CoA is synthesized from acetyl-CoA by
carboxylation catalyzed by acetyl-CoA carboxylase (ACC). It is also the initializing step of the
fatty acid biosynthesis that is ubiquitous within biological systems.

hydroxycinnamoyl-CoA malonyl-CoA chalcone

CoA—S R' R? 3 o0 o
R> R*

Fig. 3.2: Scheme of the CHS-catalyzed condensation reaction. The hydroxycinnamoyl-CoA used determines
the substitution pattern of ring B (blue), the elongating acetyl units of malonyl-CoA build ring-A (red) after cycliza-
tion and aromatization.

4-Coumaroyl-CoA is the major substrate for most CHS which form naringenin chalcone.
However, some of the CHS enzymes are able to accept other HCA-CoA esters such as
caffeoyl-CoA or feruloyl-CoA [93], forming the corresponding eriodictyol chalcone (EDCh) and
homoeriodictyol chalcone (HEDCh), respectively, e.g.: CHS2 from Hordeum vulgare. The
gene is expressed in response to UV light and pathogene attack [94]. Moreover, this enzyme
reveals a substrate preference for caffeoyl-CoA or feruloyl-CoA (K., = 0.001 mM) over the
common substrate 4-coumaroyl-CoA (K., =0.002 mM) [94]. Thus, further decoration steps
like 3’-hydroxylation of Nar to achieve ED catalyzed by the membrane-bound flavonoid-3’ hy-
droxylase and consequently the 3’-O-methylation forming HED catalyzed by 3'OMT can be
replaced by the corresponding precursor caffeoyl-CoA and feruloyl-CoA (Fig. 3.3). Hence, the

difficult biocatalytic steps of the pathway to achieve ED and HED from Nar are dispensable.
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Fig. 3.3: Schematic proposal of a modified biocatalytic pathway for the synthesis of (H)ED (framed). (A)
Caffeic acid (R=H) and ferulic acid (R=CHzs) are used as precursor for the enzymatically catalyzed synthesis of ED
and HED, respectively. 4-Coumarate:coenzyme A ligase from Arabidopsis thaliana (At4CL2) catalyzes the activa-
tion of the HCA precursor (A) forming the thioester caffeoyl-CoA and feruloyl-CoA (B). A chalcone synthase from
Hordeum vulgare (HvCHS2) accepts both thioesters as substrates for the biocatalytic synthesis of EDCh and
HEDCh (C), respectively [94]. This modified biocatalytic pathway to HED could replace the hydroxylation step of
Nar which is naturally catalyzed by a flavonoid 3’ hydroxylase (F3’H) and the methylation step catalyzed by an O-
methyltransferase (OMT).

Caffeic acid and ferulic acid are suitable starting materials for the production of ED and HED:
the purchasing price of caffeic acid averages 2.8 € g (Sigma Aldrich catalogue from October
21, 2014) and ferulic acid even is available for 1.16 € g™ (Sigma Aldrich catalogue from Octo-
ber 21, 2014). These inexpensive precursors can be used to form initially the CoA ester from
the HCA and in the second step to synthesize the chalcone. The first step, which is essential
for the CHS reaction, is catalyzed by the ligase 4-coumarate:coenzyme A ligase from Ara-
bidopsis thaliana (At4CL2) is a well-investigated enzyme and features the appropriate sub-
strate promiscuity: it accepts caffeic acid (K,=0.024 mM) and ferulic acid (K;=0.003 mM)
forming the corresponding CoA ester [95, 96].

The last step on the route to (S)-configurated flavonoids is the stereoselective formation of
the chalcone that is naturally catalyzed by CHI [97]. In general, the isomerization of chalcon-
es into flavanones can be catalyzed chemically under acidic or basic conditions, yielding a
racemic compound unless chiral catalysts are used [98]. If the configuration is not crucial,
usually soft-basic conditions are applied to achieve the Michael addition of the chalcone for

the chemoenzymatic synthesis of flavanones [97] (Fig. 3.4).
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Fig. 3.4: Base-catalyzed Michael addition forming the racemic flavanone from the chalcone skeleton.

Due to the fact that HED shall be applied as a food additive passing through environments of
different pH values. Racemization cannot be avoided. Therefore the selective synthesis of the
(S)-configuration is dispensable. Hence, mild basic conditions are a simple alternative to re-

place the more costly CHI-catalyzed cyclization.

3.2 Objectives

The natural biosynthesis of flavonoids is realized in plants by the phenylpropanoid pathway.
To bypass naringenin oxidation (4 chapter Il) and eriodictyol methylation (5 chapter l1ll), the
aim of this chapter was to imitate the flavonoid biosynthesis starting from modified HCA struc-
tures that feature already a catecholic frame (caffeic acid) or the vanillyl motif (ferulic acid) to
achieve directly the desired flavonoids ED and HED, respectively. The crucial plant enzymes
4CL and CHS are characterized as cytosolic, soluble proteins [99] and therefore they might

be appropriate for the recombinant overexpression in E. coli.

At4CL2 was already investigated for the thioester formation of caffeic acid and is also able to
convert ferulic acid into feruloyl-CoA [95]. HYCHS2 showed to catalyze the conversion of
caffeoyl-CoA into ED and feruloyl-CoA into HED [94].

In this approach the combination of both recombinant enzymes was targeted to convert low-
priced HCA structures directly into ED and HED. The enzyme cascade should be applicable

for whole-cell biotransformation to avoid the application of costly cosubstrates and cofactors.
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3.3 Results

3.3.1 Ligase reaction — At4CL2

At4CL2 initiates the enzyme cascade for the modified biosynthetic pathway forming the active
CoA ester of HCAs. The investigation concentrated on the heterologous expression of the
gene, measurement of the enzyme activity, the substrate promiscuity and the final product

elucidation.

3.3.1.1 Cloning and transformation

At4CL2 was cloned in two different expression vectors using the Gateway® cloning system.
The gene was cloned into pDEST-N110 (At4CL2) and into pDEST-N112-MBP (MBP-At4CL2)
expression vector. Both constructs contain a decahistidin tag sequence for the enhanced af-
finity to nickel resins for purification of the synthesized enzyme. To increase the cytosolic sol-
ubility of the recombinant eukaryotic proteins, pDEST-N112-MBP contains a maltose-binding
protein (MBP) sequence that is fused to the N-terminal of the At4CL2 protein [100]. At4CL2
and MBP-At4CL2 were subsequently transformed in two different E. coli BL21 (DES3) star

strains for recombinant protein expression.

3.3.1.2 Expression and enzyme activity assay
Both strains containing the plasmids of At4CL2 and MBP-At4CL2 were used for recombinant
expression. The enzyme activity assay was performed with crude lysate prepared as de-

scribed in section 2.5.1 for a prescreening of activity.

A spectrophotometric assay system according to Meng et al. [75] was applied to determine
the activity of At4CL2. As HCAs and their corresponding thioesters differ in their absorption
spectra, the absorption is significantly increased upon the formation of e.g. caffeoyl-CoA. This
change in absorbance at 346 nm was used to measure the activity of the crude extracts com-
pared to a similarly treated control — an empty vector of pDEST-N110 transformed into the

same E. coli T7 express strain (Fig. 3.5).
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Fig. 3.5: Activity measurement of the crude extracts of At4CL2 and MBP-At4CL2 compared to a control.
According to Meng et al. [75], absorption difference spectra at A=346 nm were used to measure the caffeoyl-CoA
formation of 10 pl crude extract of At4CL2. MBP-At4CL2 expressed in pDEST-N112 is fused to a maltose-binding
protein (MBP) enhancing the solubility of the recombinant protein and shows a higher activity of CoA thioester
formation than At4CL2 expressed in pDEST-N110 without a fusion partner. A similar treated control (empty vector
of pDEST-N110 transformed into an E. coli T7 express strain) showed only marginal activity.

The MBP-At4CL2 fusion protein showed the highest enzyme activity of the tested crude ex-
tracts. With regard to whole-cell biotransformation, MBP-At4CL2 was used for further investi-

gations.

3.3.1.3 Substrate promiscuity

To examine the substrate promiscuity of the ligase, MBP-At4CL2 was purified using the fused
decabhistidin tag for separation via affinity chromatography, and pure fractions containing ho-

mogeneous protein were dialyzed to remove the eluent imidazole (Fig. 3.6).
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Fig. 3.6: SDS-PAGE of MBP-At4CL2 purification. The 10 % SDS-PAGE gel shows the steps of purification after
cell lysis of the crude extract (0): the flow-through (1), washing steps (2, 3), elution of MBP-At4CL2 (109 kDa) (4 —
7) and the dialyzed concentrate (8). The marker (M) was used to identify the molecular weight. Fused to an MBP
bearing a molecular weight of 42.5 kDa, the full-length protein (At4CL2+MBP) is characterized by a molecular

weight of ~109 kDa.

MBP-At4CL2 was tested for in vitro conversion of different natural and synthetic HCAs to

evaluate its substrate spectrum (table 3.1).

Table 3.1: Natural and synthetic HCAs as substrates for MBP-At4CL2 activity. Different hydroxycinnamic

acids were used to evaluate the substrate promiscuity of the ligase forming the corresponding CoA thioester.

hydroxycinnamic acid

structure

natural compounds

p-coumaric acid

(0]
/@A)LOH
HO
O
HO
caffeic acid :©/\\)LOH
HO
(0]
0]
ferulic acid HaC” :@MOH
HO
(0]
HO
isoferulic acid X OH
H3C\O
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hydroxycinnamic acid structure
@)
natural compounds 3,4-dimethoxycinnamic acid H5;C OH
HSC\O
O
H,C O
3-ethoxy-4-hydroxycinnamic acid AN X OH
HO
0
. I : o HO S
synthetic derivatives 4-ethoxy-3-hydroxycinnamic-acid OH
H,c” 0
0]
4-propoxy-3-hydroxycinnamic- HO AN
i OH
acid
HSC\/\O

Before and after incubation, the absorption difference spectra of each hydroxycinnamic acid

assay were measured to examine the CoA thioester formation (Fig. 3.7).
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Fig. 3.7: Absorption difference spectra for the conversion of HCAs and derivatives tested in vitro with
MBP-At4CL2. After reaction, a significant wavelength shift in the range of 300-400 nm was measured indicating a
CoA thioester bond formation. 500 uM of natural (left graph) or synthetic HCA (right graph) each were incubated
with 3.75 ng of purified enzyme in a standard assay system (200 pl) and incubated for 65 min.

With exception of 3,4-dimethoxycinnamic acid, all tested substrates show a wavelength shift

indicating CoA thioester bond formation. Caffeic acid, p-coumaric acid and ferulic acid were
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confirmed as substrates. Isoferulic acid and the synthetic derivatives with longer side chains
are new potential substrates for the At4CL2. The formation of the corresponding thioester has
to be verified by structure elucidation of the products.

3.3.1.4 Structure elucidation of the products

To verify the structure of the formed CoA esters, a preparative scale reaction was performed
to conduct selected analyses. The purification over SPE cartridge was followed via absorption

of the elution fractions (Fig. A 1) and reaction yields were calculated (table 3.1).

Table 3.2: Percentage yield (amount of product) of the enzymatic synthesized CoA ester after purification.

hydroxycinnamic CoA ester yield
p-coumaroyl-CoA 91 % (£8.62 mQ)
natural compounds caffeoyl-CoA 36 % (23,50 mg)
feruloyl-CoA 59 % (&£5,78 mg)
isoferuloyl-CoA 72 % (27,01 mg)
3-ethoxy-4-hydroxycinnamoyl-CoA 57 % (2£5.67 mQ)
synthetic derivatives | 4-ethoxy-3-hydroxycinnamoyl-CoA 61 % (26,40 mq)
4-propoxy-3-hydroxycinnamoyl-CoA 76 % (£7.49 mq)

The retention times in HPLC (analytics of CoA ester, section 2.6.3.1) and ESI-MS data of the
products were measured (table 3.2, Fig. A 2-Fig. A 7).

Table 3.3: HPLC and ESI-MS data from the products of the ligase reaction.

CoA ester calculated m/z of ESI-MS | retention time

mass [M-2H]# (min)

caffeoyl-CoA 929 463.8 21.3

natural com- feruloyl-CoA 943 470.6 24.6

pounds p-coumaroyl-CoA 913 455.8 21.7

isoferuloyl-CoA 943 471.1 24.8
3-ethoxy-4-

hydroxycinnamoyl-CoA 957 4773 28.2

synthe_tlc deriva- 4-e.thoxy-3- 957 4479 281

tives hydroxycinnamoyl-CoA

4-propoxy-3-

hydroxycinnaoyl-CoA 971 484.8 28.1

The CoA thioester formation was verified using NMR and HR-MS technique. In all cases, the
exact mass of the CoA thioester was found. Exemplarily, the exact mass of the CoA ester
relevant for precursor-directed biosynthesis of ED and HED are shown in table 3.3. For all

others CoA thioester, this information is shown in the appendix (table A 1).
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Table 3.4: FT-ICR HR-MS analysis of the biocatalytically synthesized CoA thioester.

) calculated mass m/z (FT-ICR HR-
CoA thioester mode
[M] MS)
positive .
[M+H] 930.1543 930.1542
mode
caffeoyl-CoA
M] 929.147 -
(C30H12019N7P3S) . -
negative [M-H] 928.1396 928.1395
mode [M-2H]" 463.5662 463.5659
positive .
[M+H] 944.1703 -
mode
feruloyl-CoA
[M] 943.163 -
(C31H44019N7P3S) - =
negative [M-H] 942.1553 942.1552
mode [M-2H]" 470.5734 470.5740

To allocate the NMR signals of the CoA thioester, structure numbering based on D’Ordine et
al. (1995) [101] was modified for analyses of the different HCAs. *H-NMR, *C-NMR, *P-NMR
and 2D-NMR (DQF-COSY, HSQC, HMBC, ROESY, TOCSY) correlation spectra were meas-
ured to confirm exemplary the structure of the CoA thioester for caffeoyl-CoA, feruloyl-CoA
(table A 2) and p-coumaroyl-CoA (table A 3, Fig. A 8-Fig. A 13). The spectral assignment
confirmed the structure of the synthesized CoA ester and thus the success of the MBP-
At4CL2 catalyzed reactions.

3.3.2 Chalcone synthase reaction — HYCHS2

HVCHS2, known to convert caffeoyl-CoA and feruloyl-CoA forming ED and HED respectively
[94], was chosen to realize the second step for the modified biosynthesis of flavonoids.

3.3.2.1 Plasmid construction and transformation

A pBluescript SK(-) plasmid containing the HYCHS2 gene was provided by David B. Collinge
from the University of Copenhagen (DK) [94]. The HYCHS2 gene was amplified from the vec-
tor pBluescript SK(-) and cloned into pET-28a(+) bearing a kanamycin resistance and an N-
terminal Hise-Tag for purification via affinity chromatography (section 0). The constructed
plasmid was transformed into E. coli DH5a for storage and into E. coli BL21 (DE3) star for

expression.

First experiments of purification failed because of an insufficient binding of the hexa-histidine
tagged protein to the HisTrap column despite a N-terminal location of the tag. Therefore, the
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plasmid was mutated (section 2.2.2.2) using the designed HisTag+2 primers to obtain an ex-
tension of the N-terminal 6xHis-tag. The modified pET-28a(+) vector translating the octa-
histidine tag fused to HVCHS2 was transformed into E. coli DH5a for storage and into
E. coli BL21 (DE3) star for expression. The new clones were designated as CHS2.

3.3.2.2 Expression and purification

After successful gene expression and cell lysis of CHS2, the protein was isolated using Im-
mobilized Metal lon Affinity Chromatography (IMAC) (section 2.4). The success of expres-
sion, purification, concentration and dialysis of the CHS2 protein (43 kDa) was visualized by
SDS-PAGE (Fig. 3.8).
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Fig. 3.8: SDS-PAGE of CHS2 purification. The 12 % SDS-PAGE gel shows the steps of purification after cell
lysis of the crude extract (0): the flow-through (1), washing steps (2 — 4), elution of CHS2 (43 kDa) (5 — 8) and the
dialyzed concentrate (9). The marker (M) was used to identify the molecular weight.

3.3.2.3 Enzyme activity assay

After purification, the ability of the enzyme to form the corresponding chalcones by cyclizing
three units of malonyl-CoA with one unit of the natural CoA ester was tested (Fig. 3.9). The
conversion into the resultant chalcones was confirmed for p-coumaroyl-CoA (A: R=H),
caffeoyl-CoA (A: R=0H) and feruloyl-CoA (A: R=0OCHy) (table 3.5). Isoferuloyl-CoA was not
accepted as a substrate.
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Fig. 3.9: CHS2 catalyzed formation of chalcones (B) from p-coumaroyl-CoA (A: R=H), caffeoyl-CoA (A:
R=0OH) and feruloyl-CoA (A: R=0OCHjs). The final ring closure to the corresponding flavonoid (C) could be
achieved by incubation under mild basic conditions (pH=8.0).

The isomerization of the chalcone (B) forming the flavonoid (C) was achieved by adding base
(pH = 8.0) after reaction. The ring closure was followed by the decrease of the absorption
spectra at A = 350 nm due to the flavonoid formation [102]. ED chalcone was used as a refer-

ence.

Table 3.5: HPLC-,ESI-MS and HR-MS analysis products formed in the CHS2.

calculated
substrate flavonoid fI;T\]/ao?"nsoi?jf m/z of ESI-Ms: | M/z (HR-MS) A
(CoA ester) formed . [M-H] [M-H] ’
negative mode
[M-H]

caffeoyl-CoA ED 287.0561 287.1 287.0562 12.7
p-coumaroyl-CoA Nar 271.0612 271.0 271.0613 13.7
feruloyl-CoA HED 301.0718 300.9 301.0719 13.8
isoferuloyl-CoA no (;?onr:/er— 301.0718 n.d. n.d. n.d.

Flavonoid formation was analyzed by retention time and mass (table 3.5). The fragmentation
pattern) in UHPLC-MS/MS measurements confirmed the products compared to the refer-
ences of ED and HED respectively (Fig. A 15). As exemplified for caffeoyl-CoA conversion,
the fragmentation pattern from the references of ED and EDCh compared to the CHS2 assay
is shown in Fig. 3.10.
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Fig. 3.10: Retention time and MS2 fragmentation pattern of the CHS2 product (A) compared to EDCh (B)
and ED (C) as references. The retention time and the relative intensity of the fragments of the MS2 measurement
using 20 eV for ionization from the reference ED accord to the data from the product formation of the CHS2 assay
using caffeoyl-CoA as a substrate. The chalcone (EDCh) gave a different fragmentation pattern at 20 eV and was
not obtained in the assay.
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ED formation from caffeoyl-CoA and HED formation from feruloyl-CoA could be confirmed

using enzymatic catalysis by CHS2.

3.3.3 Enzyme cascade

To omit the purification of the CoA esters produced by MBP-At4CL2, the two-step pathway
combining this enzyme with CHS2 a cascade was investigated next (Fig. 3.11).

R1= H, R2=CH3
OR
A B (o OH
HO OR
MBP-At4CL2 CoA-S OR (CHs2
\ e — \ = . HO OH
o OH d o ‘ |

+ 3x malonyl-CoA OH O

Fig. 3.11: Strategy for the one-pot synthesis of ED and HED starting from HCA. Caffeic acid (R1 = H) or feru-
lic acid (R, = CH3) are accepted by MBP-At4CL2 as starting material (A) for the synthesis of the corresponding
CoA esters (B). In the second step the CoA esters are converted into the appropriate chalcones (C) catalyzed by
CHS2. Both enzymatic steps are investigated separately in vitro. The application as an enzyme cascade has to be
proven.

MBP-At4CL2 and CHS2 were combined in vitro. After incubation of the ligase with its sub-
strates for 90 min at pH = 7.0, the CoA ester formation was successful (wavelength shift at
A=346 nm, Fig. A 14). At this time point, CHS2 and three equivalents of malonyl-CoA were
added to the system. After incubation for 24 h, the product mixture was analyzed by HPLC.
However, no formation of flavonoids ED and HED was detected but the educts CA and FA
were still present in the assay. Direct simple coupling of MBP-At4CL2 and CHS2 seems to be
unsuccessful via in vitro one-pot synthesis. However, the production of ED or even HED from
HCA by a simply two-enzyme cascade will only be cost-efficient if the expensive cosubstrates
CoA, ATP and malonyl-CoA can be provided by cells and if the time consuming purification

steps of the enzymes and the CoA esters can be omitted.

Thus, living whole-cell biosynthesis was performed to supply a suitable reaction environment
and the required cosubstrates for the biosynthesis of ED and HED from caffeic acid and feru-
lic acid, respectively. The pET28a-(+) vector-which contains the HYCHS2 gene and a kana-
mycin resistance gene - and the pDEST-N112 vector containing the At2CL4 gene and an
ampicillin resistance gene - were cotransformed into chemically competent E. coli BL21

(DE3) cells for coexpression (Fig. 3.12A).
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Fig. 3.12: A: Colony PCR after cotransformation. The 1 % agarose gel shows (1) a ~500 bp fragment originat-
ed from specific amplification of pET28a-(+)-HvCHS2 and a ~1000 bp fragment originating from pDEST-N112-
At2CL4. The water control (2) shows no gene fragments after PCR. B: SDS-PAGE of the crude extract from
cells after coexpression in LB medium. The two extensive protein bands (1) result from successful production
of MBP-At4CL2 protein (~109 kDa) and CHS2 (~43 kDa). Molecular masses were estimated by comparison with
molecular markers (M).

The success of recombinant overexpression of both genes in one E. coli strain was confirmed
by SDS-PAGE of crude cell lysates (Fig. 3.12B). However, after 24 h whole-cell biotransfor-
mation of CA and FA in LB medium, the analysis of the phenylpropanoid profile of the coex-
pression culture was similar to that of a control (empty vector). No conversion of the HCAs
into ED or HED could be achieved using this in vivo biotransformation. In contrast, the HCAs
were degraded in both reactions after 24 hours of incubation.

3.4 Discussion

The flavonoids can be available in two steps by application of the inexpensive precursor caf-
feic acid and ferulic acid. The modified biosynthetic pathway to HED (and intermediate ED)
starts with precursors that already bear the desired B-ring substitution patterns. Two enzymes
— At4CL2 as ligase and HYCHS2 as chalcone synthase — are naturally occurring in plants and
were published to catalyze the favored reactions [94, 95]. In this work MBP-At4CL2 was
shown to catalyze further reactions resulting in the formation of new CoA esters from natural
compounds and synthetic derivatives except from 3,4-dimethoxycinnamic acid. No shift of the

wavelength after incubation was detected for 3,4-dimethoxycinnamic acid, however CoA thi-

50



Chapter I: Precursor-directed biosynthesis of flavonoids

oester formation from 3,4-dimethoxycinnamic acid cannot be excluded due to lack in refer-
ence compound and has to be proven in future. A possible perspective might be to quantify
the free thiol group of the non-reacted coenzyme-A by for example Ellman's reagent (5,5'-
dithiobis-(2-nitrobenzoic acid) [103]. This method can also be applied to investigate the en-
zyme Kinetics of the substrates.

The indicated high substrate promiscuity was utilized for preparative scale and, thereby, for
verification of the structures of the resulting thioesters. The natural CoA esters were also
proved to be substrates for the second step conversion by CHS2. Caffeoyl-CoA, p-
coumaroyl-CoA and feruloyl-CoA were accepted by this enzyme. Isoferuloyl-CoA was not
transformed into Hesp despite its structural similarity to feruloyl-CoA, indicating high selectivi-
ty and a small substrate spectrum. Although the CHS2 was limited due to the accepted sub-
strates, probably this enzymatic pathway can be used for the biocatalytic synthesis of further

flavanones like Hesp from isoferulic acid applying mutagenesis methods on HYCHS2.

The enzyme cascade was not successful as in vitro one-pot synthesis, although the succes-
sive two-step chemoenzymatic reaction to the flavonoids ED and HED was confirmed. A rea-
son might be the mixture of CoA and CoA esters as potential substrates for both enzymes,
while fitting into both binding pockets of the proteins due to their structural similarity. The yield
of the thioester synthesized in situ was estimated as a total conversion of the corresponding
HCA. Hence, a threefold amount of malonyl-CoA was present in the buffer system for the
second reaction. Malonyl-CoA potentially inhibits the first reaction due to the high similarity to
CoA. To avoid this, malonyl-CoA was added after detection of CoA ester formation (90 min)
although the reaction was not yet complete at this time (stagnation of the wavelength shift at
900 min incubation time, Fig. A 14). Analogously, the substrates of the first reaction (free
HCAs, CoA) may inhibit the second reaction step by seizing the enzyme CHS2. However, the
chemoenzymatic approach is not feasible for the economical and sustainable production of
flavonoids because of the addition of expensive cosubstrates like CoA, ATP and malonyl-

CoA. Thus, it was not further optimized for conversion.

In fact, the modified pathway was inserted into a single E. coli strain that might be able to
provide the required cosubstrates and cofactors. The coexpression of both plasmids bearing
the corresponding gene for the ligase and the synthase could be achieved. Also protein syn-
thesis of MBP-At4CL2 and CHS2 in LB medium was confirmed. However, the in vivo whole-
cell biotransformation of the precursors CA or FA to ED or HED, respectively, was investigat-

ed as a first approach using the simplest methods like the coexpression of both plasmids into

51



one E. coli strain without optimization techniques. This proof of concept was not successful

according to the designated methods.

3.5 Outlook

The separate in vitro conversion of each step was confirmed to produce ED and HED from
caffeic acid and ferulic acid, respectively. The method uses inexpensive precursors, soluble
enzymes and a well-established host organism for expression of the genes that are interest-
ing due to sustainability of the biocatalytic synthesis of the flavanones. However, this ap-
proach is only reasonable, if the whole-cell biosynthesis will successfully provided the crucial

and expensive cosubstrates.

Several improving strategies like plasmid choice, culture media and ACC coexpression were
presented in similar metabolic engineered organism to produce flavonoids [61, 104, 105] and
is potentially also successful for the in vivo biosynthesis of natural ED and HED.

Therefore, this approach is an additional example for the utility of this fundamental strategy
for the inexpensive and sustainable production of the rare flavonoids ED and HED by a two
steps enzyme-cascade. However, this work represents single-acting enzymes that potentially
work constitutively in vivo as modified biosynthetic pathway, if the system will be adapted and
optimized. In addition, this enzyme-cascade might be applied for synthesis of further flavo-
noids due to the high substrate promiscuity of the ligase and perspectives to mutational stud-
ies of the CHS enzyme.
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4 Chapter II: Hydroxylation of flavonoids

4.1 Introduction

Hydroxylation of flavonoids is realized in nature by the catalytic activity of cytochrome P450
oxygenases (CYPs) [106]. This superfamily of enzymes bears a heme as prosthetic group
and is termed for the characteristic wavelength of maximum absorption at 450 nm of the re-
duced carbon-monoxide-bound-form [107]. CYPs are often responsible for detoxification pro-
cesses as they increase the hydrophilicity of compounds and hence facilitate their excretion
[108]. In general, CYPs belong to the external monooxygenases, thus they depend on an ex-
ternal electron donor transferring the electrons for oxygen activation and in consequence for

the substrate hydroxylation [109].

CYPs are designated according to their structural homology and classified due to the struc-
tural organization of the CYP and their electron transfer proteins [107]. In general, two main
classes can be specified (Fig. 4.1), although there are many further variations and subclasses
reported [107].

CYPs

class 1 class 2

bacterial | mitochondrial microsomal | bacterial
system system system fusion system

D

CPR P450

inner mitochondrial membrane of ER

membrane

N —

Fig. 4.1: Main classification of CYPs according to the topology of the P450 and the used electron transfer
system. Class 1 consists of a P450 protein depending on a reductase system that contains a soluble ferredoxin
(Fdx) and a FAD-containing ferredoxin reductase (FdR). In the bacterial type all three components are cytosolic
and soluble. In the mitochondrial system, P450 and FdR are bound to the inner mitochondrial membrane. In CYPs
of class 2, a specific NADPH- cytochrome P450 reductase (CPR) provides the electrons for the P450 enzyme
instead of FAR and Fdx. CPR and P450 protein are associated to the membrane of the ER in the microsomal type.
In the bacterial fusion system like P450-BM3 (CYP102A1), both activities are organized in a single, cytosolic solu-
ble polypeptide chain offering a catalytically self-sufficient oxidation system.

53



The class 1 of CYPs is characterized by a three-membered system that consists of the P450
protein including a heme prosthetic group (P450) and a FAD-containing reductase (FdR)
transferring the reduction equivalents from NADPH or NADH to the third component: the sol-
uble iron-sulfur cluster ([Fe-S]) protein called ferredoxin (Fdx) that reduces the heme of the
P450. This class can be subdivided into mitochondrial and bacterial type CYPs. The mito-
chondrial system has a P450 protein bound to the inner mitochondrial membrane, a cytosolic
soluble Fdx and a FdR that is associated to the membrane. In bacteria reduction of NAD(P)H
(FdR), heme-reduction (Fdx) and oxidation of the substrate (P450) are localized at three dif-
ferent proteins. However, in contrast to the mitochondrial type, they are cytosolic and soluble
proteins [109].

Class 2 — microsomal type CYPs — are the most prominent cytochrome P450 enzymes in eu-
karyotic cells and are characterized by a P450 and NADPH-cytochrome P450 reductase
(CPR) which provides the electrons for the reduction of the P450. Both enzymes are attached
to the endoplasmic reticulum (ER) membrane [110]. CYPs of this class preferably use
NADPH for their respective oxygenation reaction, e.g.: the selective 3’ hydroxylation of the
flavonoid naringenin (Nar) into eriodictyol (ED) is catalyzed by CYP75B in plant metabolism
[106] (Fig. 4.2).

Nar ED OH

OH ¥\ _OH
HOWS)‘\@/ /m‘\ - HO 0.S)
+ NADP*, \@1}
4 NADPH + H*, o O

OH 0, H,0

Fig. 4.2: Selective aromatic hydroxylation in flavonoid metabolism catalyzed by flavonoid 3’-hydroxylase
(f3’h). The regiospecific hydroxylation at the 3’ position (bold green) of naringenin (Nar) yielding eriodictyol (ED) is
catalyzed by the membrane-bound enzyme CYP75B called flavonoid 3’-hydroxylase (f3’h) in plants [106].

The bacterial fusion protein P450-BM3 from Bacillus megaterium (CYP102A1) constitutes an
interesting member of this class as it combines the CYP and the FAD-reductase in a single
polypeptide chain [109]. This catalytically self-sufficient CYP BM3 draws perspectives for in-
dustrial applications due to the high catalytic activity e.g.: the oxidation of arachidonate ac-
complishes a Ky of 4.7 uM and a turnover number over 15 mM™ for the wild type enzyme
[111]. This results from the topology and the solubility of this oxygenase [112]. Almost all of
the other soluble CYPs of bacteria belong also to this type and catalyze selective hydroxyla-

tions of different compounds like fatty acids or (polycyclic) aromatic hydrocarbons for instance
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the self-sufficient monooxygenases from Rhodococcus ruber [113] or the m-
hydroxybenzoate hydroxylase MobA from Comamonas testosteroni [114]. However, most of
them depend on cost intensive cofactors, are complex proteins with a limited substrate spec-
trum and in many cases they are instable and exhibit low activities which are insufficient
properties for application as industrial biocatalysts [109]. The reaction mechanism of CYPs is
very complex including several “shunt” pathways (Fig. 4.3). In brief, the overall reaction of

CYPs can be summarized as:

. CYP .
RH + 0, + NAD(P)H + H* ———= ROH + H,0 + NAD(P)

Although oxidation processes are highly concerted, side products like H,O, or superoxide can
be produced within the catalytic reaction mechanism (Fig. 4.3).

ferric state
H H
ROH  \/ R-H
H,O ? __&\A resting state
R-H
Paso-Fe'!
e
O
Pyso-Fe
R-H P4so-Fe'
iron IV oxide intermediate R-H
(compound I)
H,O
0,
HY [ 7
HO—/O oe_o ]
I
I i
P450-Fe|” P450-F9 ‘..—/< P450-Fe
; R-H e R-H
R-H H*
ferrous-oxy
- - T - complex
ferric hydroperoxy ferric peroxy
state state

Fig. 4.3: Catalytic cycle of CYPs [112]. Starting from the ferric state (P450-Fe3+) with a distal bound water, the
resting state is formed after the binding of a substrate (R-H) displacing the water. After reduction by one electron,
the resulting ferric (I1) (P450-Fe®") is able to bind the dioxygen (O2) forming a ferrous-oxy complex. The ferric per-
oxy state is generated after a further addition of an electron and then converted into the ferric hydroperoxy state by
protonation. The crucial compound | (drawn as a radical cation) is responsible for the hydroxylation of inactive C-H
bonds and formed after delivery of a further proton under release of water. The monooxygenase mechanism is
completed by the release of the hydroxylated product and the binding of a water molecule — the ferric state is re-
generated. Possible shunt pathways are shown in black forming the resting state from different starting points un-
der release of superoxide from the ferrous-oxy complex (autoxidation shunt), hydrogen peroxide from ferric hy-
droperoxy state (peroxide shunt) and water from iron (IV) oxide (oxidase shunt).
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In living cells these undesired, harmful products of the shunt pathways are removed by en-
dogenous detoxification systems like catalase or superoxide dismutase. The control of these
side reactions which can become dominant during in vitro applications is often a challenge.
Hence, CYPs can act as monooxygenases, oxidases but also as peroxidases [109]. In the
latter case they do not require oxygen or electrons from NAD(P)H as they can use inorganic
or organic peroxides for dealkylation or hydroxylation [110, 115].

Also other oxidases and peroxidases offer hydroxylase activities on aromatic compounds us-
ing peroxides or molecular oxygen [56, 116, 117]. For example, the commercially available
horseradish peroxidase (HRP) was shown to catalyze the hydroxylation of p-coumaric acid
[118] and the polyphenol oxidase (PPO) can catalyze the hydroxylation of phenolic com-
pounds [119] (table 4.1). In the present thesis this observation was one attempt to investigate
the hydroxylation of flavonoids like Nar.

Table 4.1: Commercially available enzymes used to test selective hydroxylation reactions on aromatic

compounds. HRP = horseradish peroxidase, PPO = polyphenol oxidase, DHFA = dihydroxyfumaric acid,
Asc=ascorbic acid, DHAsc= dehydro ascorbic acid

enzyme catalyzed reaction reference
OH OH
HRP, DHFA, O,
HRP o OH [118]
HO 100% HO
1 1
©\OH PPO, /2 02 OH PPO, /2 02 O
0
PPO OH AN 0 [119]
DHAsc Asc

Both enzymes are already industrially relevant and are applied for analytical diagnostics
(HRP) [120] and browning processes in food industry (PPO) [57]. Amongst others, the ad-
vantages of (per)oxidases are their particular stability, accessibility, their independence of ex-
pensive cosubstrates/cofactors and their acceptance of numerous substrates [57]. However,
(per)oxidase reactions commonly suffer from the production of reactive intermediates [57].
This is often accompanied by the formation of unspecific products which is undesired for in-
dustrial biosynthetic applications.
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4.2 Objectives

Herein the development and optimization of a biocatalyst for the selective hydroxylation of
Nar to form ED — the precursor of HED is reported. First, upscaling attempts were conducted
to proof a potential biotechnological application. In plants this reaction is catalyzed by the
membrane-associated f3’'h, an enzyme that is difficult to be functionally expressed in prokar-
yotic systems [121]. Thus, alternative enzymes that can catalyze this reaction had to be iden-
tified. Therefore, different enzymes were investigated for this purpose and were chosen ac-
cording to their published substrate and product range as well as their stability. The selected
oxidoreductases were screened for their capability to catalyze selectively the hydroxylation at

3’ positions of flavonoids.

The investigations focus on one hand on easily accessible and biotechnologically or immuno-
histochemically already applied enzymes: PPO and HRP. On the other hand the studies fo-
cus on soluble monooxygenases from different bacteria. They were heterologously expressed
in E. coli and are characterized by low costs, easy transformation and fermentation, and high
protein yields. A few of the screened bacterial monooxygenases like 2-HBP or BM3 were
previously being considered as potential biocatalysts for biotechnological processes [122].
Others are known for selective hydroxylation of bulky and aromatic structures.
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4.3 Results

4.3.1 Screening for a specific flavonoid 3’-oxygenase

With focus to selective hydroxylation of Nar at position 3’, different available oxidoreductases

were tested regarding their activity and regioselectivity to form ED.

Screening started using the commercially available oxidases HRP and PPO that are able to
catalyze hydroxylation of phenolic structures to form a catechol scaffold [118, 119]. Nar was
converted by both enzymes, but was mainly degraded by HRP [123]. PPO catalyzes the hy-
droxylation of Nar but the product is further oxidized to eriodictyol-o-quinone which rapidly
polymerizes to polyphenolic structures determined by HPLC at A=475 nm according to Jimé-
nez-Atiénzar et al., additionally, masses of 557 m/z and 859 m/z were found using esi-ms
supporting this assumption. Attempts were made to immobilize both enzymes. This should
increase the stability of the catalysts and allow their use in organic solvents. As Azevedo and
coworkers published, performing the reaction in organic solvents might suppress the ob-
served polymerization to polyphenols [125]. Even though the immobilized enzymes were in-
deed active and allowed the conversion of their natural substrate, the selective hydroxylation
of Nar yielding ED in EtOAc could still not be obtained using HRP or PPO.

The performed screening for a biocatalyst for conversion of Nar to ED focused on different
types of recombinant bacterial monooxygenases, usually acting on fatty acids, aromatic com-
pounds or a steroid skeleton. The respective enzymes were heterologously overexpressed in
E. coli and assayed for the conversion of Nar. The first subset of enzymes was tested in puri-
fied form under addition of a separate reductase system to provide electrons (table 4.2).
None of these in vitro enzyme systems allowed conversion of Nar.

Table 4.2: Purified recombinant bacterial monoxygenases tested for the conversion of Nar. The listed
monooxygenases catalyze enzymatic hydroxylation reactions of different substrates. Enzyme activity assays were
performed in vitro using Nar as a substrate and a separate reductase system of either bovine adrenodoxin (Adx)

and adrenodoxin reductase (AdR) or FAD to provide the electron transfer. None of these enzymes were able to
catalyze the hydroxylation of Nar.

enzvmes accepted sub- electron provider, cofactor ref conversion
y strate(s) and co-substrate ' of Nar
CYPlOGAZ ketosteroids [126] no
(B. megaterium) heterologous reductase sys-
CYP109D1, CYP264A1, tem from bovine (Adx/AdR),
CYP260A1, CYP260B1 fatty acids NADPH, O, [127] no
(Sorangium cellulosum)
2-HBP 2-hydroxy-
. . FAD, NADH 12
(Pseudomonas azeleica) biphenyl ' 02 [128] no
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A second subset of recombinant monooxygenases was investigated either using growing
cells (biotransformation “in vivo”) or they were applied as crude enzyme extracts (“in vitro”).
Table 4.3 summarizes the accepted substrate(s) or substrate classes, the required cofactors
and cosubstrates of the enzymes and the results of the assay with Nar as a substrate.

Table 4.3: Recombinant bacterial monoxygenases applied for the biotransformation of Nar in vivo or in
vitro with crude enzyme extracts. The enzymes catalyze the hydroxylation of different substrates and substrate
classes. The conversion of Nar was achieved by two variants of CYP102A1 from B. megaterium: BM3-F87V and

BM3-GVQ (A74G/F87V/L188Q) and by the wild type (WT) and the Y301F variant of 4-hydroxyphenylacetate 3-
hydroxylase (4HPA3H) from E. coli.

cofactors
reported sub- and biotrans- .
enzymes ref. . conversion of Nar
strate(s) cosub- formation
strates
CYPL02A1 (BM3), wild . NADPH, o variants:
type and 25 variants fatty acids [129] in vitro
. 0, F87V, GVQ
(B. megaterium)
CYP116B3 polycyclic aromatic NADPH, L .
(R. ruber) hydrocarbons 0» [113] in vitro no conversion
?(;'gflf:'anvglri ype and -coumaric acid NADH, [130] in vivo WT,
. P FAD, O, variant: Y301F
(E. coli)
MobA NADH S
. -h - ' i
(C. testosteroni) m-hydroxy-benzoate FAD, O, [114] in vitro no conversion

The m-hydroxy-benzoate hydroxylase (MobA) and CYP116B3 showed no conversion of Nar.
4-hydroxyphenylacetate 3-hydroxylase (4HPA3H) wild type enzyme and the variant Y301F
from E.coli as well as BM3-variants F87V and A74G/F87V/L188Q (GVQ) from
B. megaterium were identified to convert Nar into ED. Product formation was determined by

the use of UHPLC/MS in comparison to the reference (Fig. 4.4).
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Chapter II: Hydroxylation of flavonoids

MS/MS fragmentation pattern of the product compared to the ED reference confirmed the hy-
droxylation of ring B of Nar catalyzed by the enzymes (Fig. B 1). Enzymes which accept Nar

as a substrate and produce ED were further analyzed due to the highest conversion of Nar by
in vivo biotransformation (Fig. 4.5).

25

20 1

15 +

10 A

relative formation of ED (%)

N

\F87V  GVQ ;| Y301F wild type |

BM3 4HPAS3H

Fig. 4.5: Quantification of ED formation by different oxidating enzymes. BM3 variants F87V and GVQ, as well
as the 4HPA3H variant Y301F and its wild type were compared quantitatively due to the ED formation after 24 h
in vivo biotransformation in Al medium. BM3-GVQ under the conditions applied showed the highest conversion of
Nar to ED and was used for further investigations.

Although complete conversion of Nar could not be observed, BM3-GVQ catalyzes the con-
version of over 20 % Nar into ED. As BM3: F87V and 4HPA3H-variants show less conversion

of Nar (3 %-13 %), BM3-GVQ was selected for the subsequent optimization of the reaction
conditions.

4.3.2 Investigation of BM3-GVQ for optimized ED formation

BM3-GVQ was identified as a suitable enzyme to convert Nar into ED (LC-MS/MS detection).
Although this variant was the most successful oxidoreductase of more than 30 analyzed bio-
catalysts, the conversion of Nar was incomplete and depends on the costly electron provider
NADPH. Therefore, Nar conversion by BM3-GVQ was further analyzed and the assay condi-
tions were optimized to increase the yield of ED. Furthermore, the structure of the product
was elucidated using HR-MS and NMR to verify ED formation.
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4.3.2.1 Expression and activity measurement of BM3-GVQ

BM3-GVQ was heterologously expressed in E. coli BL21 (DE3) and cells were lysed. The
crude extract was analyzed by SDS-PAGE to prove the overexpression of BM3: GVQ (Fig.
4.6A, line 1) compared to an empty vector-control without BM3-GVQ coding sequence (Fig.
4.6A, line 0). Determination of P450 enzyme activity and calculation of the protein concentra-

tion was achieved by CO difference measurements (Fig. 4.6B).

kba M 0 1 0.15
— —— BM3-GVQ
188 I o~ . 119 kDa —— control (empty vector)
70 - © 0.10 -
Bl Q
55 .. @
- g 0.05 1
40 =
35 e S 0.00
2 2
5
® 0,05
15 -0.10 : . . .
- -
42 44 4 4
- 0 0 60 80 500
wavelenght (nm)

Fig. 4.6: SDS-PAGE picture of BM3-GVQ expression (A), CO difference spectrum of the BM3-GVQ lysate
(B). A: A 10 % SDS-PAGE gel was loaded with crude extract of the soluble fraction of BM3-GVQ (1), with a similar
induced and lysed empty vector in E. coli strain BL21 as a control (0) and with a protein standard marker (M) for
determination of the molecular weight. BM3-GVQ (119 kDa) is only present in line 1 and not in the control (line 0).
B: A CO difference spectrum was performed to determine the correct folding of the enzyme and to calculate the
BM3-GVQ protein concentration of the lysate. The difference spectrum of BM3-GVQ shows an absorption maxi-
mum at 450 nm in consequence of a wavelength shift under CO-fumigation indicating the correct folding of an
active P450 enzyme.

An enzyme activity assay confirmed the catalytic activity of the lysate by conversion of Nar
into ED (LC-MS detection).
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4.3.2.2 Structure elucidation of the product eriodictyol

HPLC and UHPLC/MS of the product formed from Nar by BM3-GVQ revealed the same re-
tention time, mass and fragmentation pattern as the authentic standard eriodictyol (Fig. B 1).
However, this information does not allow an exact discrimination between different hydrox-
ylated naringenin derivatives (regioisomers). Thus, the product was separated on a semi-
preparative HPLC system from a preparative reaction mixture and analyzed by high resolu-

tion MS and NMR in order to verify the exact structure of the main product.

To determine the exact mass of the obtained compound, FT-ICR HR-MS was used. There-
with, the exact mass of 287.05611 for C,sH;,0¢ species in the negative ion mode was ob-

served (table 4.4) which is in accordance to the calculated mass of ED (287.0561).

Table 4.4: Results of the MS measurements compared to the calculated exact mass of ED.

calculated mass of ED (C15H1,06) [M] m/z (ESI-MS) m/z (FT-ICR HR-MS)
[M+H]" 289.0707 - -
[M] 288.0634 - -
[M-H] 287.0561 287.2 287.05611

The exact position of the inserted hydroxyl group of the product was determined by NMR:
'H NMR experiments (Fig. B 6) were performed and compared to a ED-reference (Fig. B 7)
and to the substrate to prove the success of the conversion of Nar into ED catalyzed by BM3-
GVQ (table 4.5). The atom numbering of the flavonoids is exemplified on ED (Fig. 4.7).
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BM3-GVQ
NADPH+H™, NADP*,
OH O 0, H,0

Fig. 4.7: Expected reaction of Nar catalyzed by BM3-GVQ. The inserted hydroxyl group at position 3’ is high-
lighted in dark green.

'H NMR (600 MHz) data of the isolated product (table 4.5, C) correlate with the measurement
of an ED reference (table 4.5, B). The substrate Nar was also isolated and analyzed by
'H NMR (table 4.5, A). The chemical shifts of the substrate and product differ substantially at
ring B. Nar shows a signal for the proton of H3’ in contrast to the product, where no signal
was observed. Due to the 3’-hydroxylation, the chemical shifts of the neighbor protons at po-
sition 5°, 6’ and especially 2’ of ring B become unequally deshielded by the OH-group(s) and
differ therefore also in substrate and product. The functional OH groups of ring B are not visi-
ble in substrate, product and reference with the exception of the H-bridged proton from OH-5
in the educt Nar.

Table 4.5: 'H NMR (600 MHz) spectral assignments of the substrate Nar (A) and the isolated product (B) of
a BM3-GVQ assay compared to the data from a reference of ED (C). The substrate shows a significant signal
for the proton of the unsubstituted position 3’ that is missing in the product and the reference (highlighted in
green). Protons of ring B (2, 5’ and 6’) of the BM3_GVQ product are identical to the chemical shifts for ED refer-
ence. The functional OH groups were not visible in the spectra with the exception of the proton from OH-5. Proton

positions are assigned according to the convention for flavonoids. *chemical shifts of HSQC and HMBC correlation
peaks

reference reference BM3_GVQ
ring position naringenin eriodictyol product
(A) 6 (I n/HZ) (B) 61 (Inn/HZ) (C) 61 (Inn/Hz)
2 5.461 (13.0, 3.1) 5.40 (12.7,3.1) | 5.400 (12.9, 3.7)
ring C 3a* 3.188(17.2,13.0) | 3.15(17.1,12.7) | 3.142(17.2, 12.8)
3b* 2.734 (17.2,3.1) 2.73(17.1,3.1) | 2.792(17.2,3.1)
g A 6* 5.966 (2.1) 5.95 (2.2) 5.965 (2.2)
8* 5.955 (2.1) 5.96 (2.2) 5.947 (2.2)
2 7.400 (8.7) 7.038 (1.8) 7.032 (1.8)
fing B 3 7.400 (8.7) no signal no signal
5 6.902 (8.7) 6.875 (8.2) 6.864 (8.2)
6 6.902 (8.7) 6.875(8.2, 1.8) 6.874 (8.2, 1.8)
fing B 5-OH 12.184 (s) 12.175 (s) 12.179 (s)
7,3',4’-OH not visible not visible not visible
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Nar and ED occur in both enantiomeric forms due to the stereocenter at C2 of ring C. To elu-
cidate, if the conversion of Nar into ED is stereoselective, the reaction mixture containing
substrate (Nar) and product (ED) was analyzed by chiral HPLC. References of the respective
racemate gave two signals of equal intensity in the chromatograms of the authentic naringen-
in (15.5 min; 16.9 min) and of eriodictyol (20.3 min, 24.9 min). Samples from conversion by
BM3-GVQ gave the same profile of signals and retention times as the references with equal

intensity for each enantiomer (Fig. 4.8).
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Fig. 4.8: Chromatogram of chiral HPLC run. Samples from conversion by BM3-GVQ (red) give the same profile
of signals and retention times as the references Nar (15.5 min; 16.9 min; black) and of ED (20.3 min, 24.9 min;
blue) with equal intensity for each enantiomer. The minor product apigenin gives a signal at 8.6 min. A further sig-
nal at 6.1 min likely is a product from substrate impurities (10.6 min) of the compound Nar with no relevance.

This finding can either be explained by no preference of the enzyme for one of the enantio-
mers (no stereoselective conversion) or a potentially existing stereoselective conversion that
is covered by a spontaneous, fast racemization of the potential single enantiomer of the sub-
strate Nar or the product ED. Non-enzymatic conversion of Nar into ED can be excluded as a
control with lysate of an empty vector-control without BM3-GVQ coding sequence was

checked.

4.3.2.3 Elucidation of the substrate profile of BM3-GVQ

The final goal of this work is the establishment of an enzyme cascade containing an oxidase
and a methyltransferase that allows formation of HED from Nar (Theoretical principles 1.3).

As the substrate (Nar), the final product (HED) as well as the intermediate (ED) are very simi-
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lar compounds, an enzyme acting on one of these substances might also possess activity
towards the other. Especially, overoxidation of ED or oxidation of the methylated product
HED by the applied oxidase might result in a loss of product yield in the final biocatalytic pro-
cess. Thus, the substrate profile of the variant BM3-GVQ regarding the conversion of a set of
related flavonoids was tested. Besides ED and HED also flavanone, the flavanone scaffold,
was assayed. This compound bears no hydroxyl group and is more hydrophobic than Nar.
Hesperetin (4’-O-methyl ED) - the constitutional isomer of HED - might act as an alternative
substrate for BM3-GVQ. The demethylation of hesperetin would also result in the formation of
ED. Phloretin, the dihydrochalcone related to Nar, might be more flexible for binding within
the active site. Except ED, all substrates were accepted and converted by BM3-GVQ (table
4.6).

Table 4.6: Substrate promiscuity of BM3-GVQ. Different flavonoids were tested for their in vitro conversion us-
ing 500 nM of BM3-GVQ. Highest conversion showed the frame flavanone. Phloretin was degraded. HED and
hesperetin were both slightly demethylated, the former flavonoid was also hydroxylated in position 3 of ring C. Nar

was hydroxylated at ring B in position 3’ resulting in ED formation and gave also a minor product by hydroxylation
in position 3 of ring C resulting in apigenin (LC-MS/MS detection). ED was not accepted as a substrate.

substrate .
substrate structure . reaction
conversion (%)
OH
HO o @ hydroxylation
Nar @ c 22.0+£0.4 (3'-OH at ring B and
3-OH at ring C)
OH O
OH
HO 0 O OH no conversion .
ED ] no reaction
O (as desired)
OH O
o O hydroxylation
flavanone O 75.9£3.1 (3-OH at ring C and
ring A)
O
OH
_ HO OH O hydroxylation and
phloretin 31.7+6.5 _
degradation
OH O
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substrate .
substrate structure . 0 reaction
conversion (%)

OH
hydroxylation
o I s yro

(3-OH at ring C)

HED HO l

@)
hesperetin HO O 0 O 9.2+1.0 demethylation

Phloretin conversion was over 30 %, but only ~10 % gave a hydroxylated product. The resid-
ual conversion showed nearly complete degradation under cleavage of the structure into
fragments by the enzyme. Flavanone achieved the highest conversion (over 75 %) and yield-
ed different products. Based on the identified products a reaction mechanism for flavanone

conversion by BM3-GVQ is proposed (Fig. 4.9).

O flavone 0 HO
BM3-GVQ o o BM3-GVQ \\ 0
; : O 3 ; O | ; : l = !
OH
o) HZ0 0 o)

NADPH+H", NADP*, H,0 NADPH+H*, NADP*, H,0
02 02

flavanone

Fig. 4.9: Conversion of flavanone by BM3-GVQ. BM3-GVQ catalyzes the hydroxylation of position 3 (ring C).
Water is eliminated and the unsatured flavone is formed. This acts as a substrate and is further hydroxylated at
ring A (undefined position).

Initially, position 3 of ring C of flavanone is selectively hydroxylated by BM3-GVQ yielding 3-
OH flavanone. Subsequently, water is eliminated forming the unsatured flavone that acts as a
further substrate and is hydroxylated in the ring A at a hitherto undefined position. All prod-
ucts were detected via GC-MS in different amounts within the assay (Fig. B 5). HED and
hesperetin are only marginally converted (< 10%) by BM3-GVQ. Hesperetin was demethylat-
ed forming ED in low yields. HED was hydroxylated at position 3 (ring C) as also observed for
flavanone (Fig. B 4). The in vitro conversion of HED was under 5 % with no relevance for the

in vivo enzyme cascade.
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4.3.2.4 Importance of the triple mutant BM3-GVQ
BM3-GVQ shows highest activity of the screened variants (section 4.3.1). The mutations are
located at the entrance of the mainly hydrophobic channel leading to the heme cofactor,

which control entry to the active site (Fig. 4.10).

C GIn188
Gly74
o3 A 1574
Nar VaI87

Fig. 4.10: Structural model of naringenin docked in BM3_GVQ. A) Overall view of the BM3 heme domain
(gray). The substrate binding channel is closest by the flexible N-terminal part (yellow) of the heme domain. B)
Closeview of the substrate binding channel. The mutated residues in BM3_GVQ (red) are flanking one site of the
channel. C) Active site and closest atom-to-atom distances between the docked substrate naringenin and the
mutated residues (indicated as gray lines). The distance between the substrates reacting 3‘ and the activated
heme-oxygen is 4.3A in this docking mode. The model of BM3_GVQ was generated using PDB-code 1BU7.

The exchange of Phe87 by valine seems to be of particular importance, because BM3-GAQ
(A74G/F87A/L188Q) was not active using Nar as a substrate, while both — BM3-GVQ
(A74G/F87V/L188Q) and BM3-F87V possess activity towards Nar. To dissect the individual
effects of mutations at position 74 and 188, double variants A74G/F87V (BM3-GV) and
F87V/L188Q (BM3-VQ) were prepared and transformed into E. coli BL21 (DE3). After suc-
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cessful expression of BM3-GV and BM3-VQ the new variants were verified for correct folding
via CO difference spectra measurement (Fig. B 9) and tested for conversion of Nar. Both var-
iants catalyze the formation of ED (3’-OH Nar) but also the formation of apigenin (3-OH Nar)
that was determined by LC-MS/MS measurements. In the GVQ assay, apigenin occurs only
as a byproduct in minor ratio to the main product ED (approximately 1:4) compared to the
conversion of Nar in the activity assays of the other BM3 variants (Fig. 4.11).

30

[ apigenin
I ED

25 1

20 -

15 |
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Fig. 4.11: Compound formation of the created BM3 double mutants and BM3-GVQ in the enzyme activity
assay using Nar as a substrate. Conversion was analyzed in a standard in vitro assay system using 200 pM of
substrate (Nar) and 500 nM of enzyme of the respective BM3 variant. BM3-GVQ catalyzes the highest conversion
of Nar and the lowest percentage of the side product apigenin (3-OH Nar).

relative compound formation (%)

BM3-GVQ was still the most active enzyme catalyzing the formation of ED (3’-OH Nar) and
also shows the lowest percentage of the side product apigenin (3-OH Nar).

4.3.2.5 Optimization of the assay conditions for naringenin conversion

The BM3-GVQ/Nar system shows only a moderate substrate conversion of ~ 25 %. To in-
crease the yield of ED the BM3-GVQ in vitro assay was investigated regarding different fac-
tors: incubation time, enzyme concentration, buffer system, substrate concentration, product

inhibition, initial NADPH concentration and activity of the NADPH regeneration system.
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a) Time dependence of ED-formation

The dependence of the conversion of Nar into ED from the incubation time was analyzed in a
standard in vitro assay system using 200 uM of the substrate Nar and 820 nM BM3-GVQ
(Fig. 4.12).

100

o —— ED
Q\/ —O— Nar
©
c
3 80
o
IS
o
o
©
c
3 20
IS
©
(]
2
o
2

O o

0 20 40 60 80 100 120
time of incubation (h)

Fig. 4.12: Time course of the conversion of Nar to ED by BM3-GVQ. The assay was performed under standard
conditions using 820 nM of BM3-GVQ and 200 pM of the substrate Nar.

Upon an initial fast depletion of Nar within the first two hours (~ 4 % product formation) the
reaction proceeds for 24 h with a final yield of ~20 % ED. Addition of fresh enzyme at this
time-point does not lead to higher product yield. This indicates that after 24 h the assay is in a
non-productive state. This might be either due to depleted cofactor-regeneration system or

the accumulation of inhibitory factors that inactivates the enzyme (e.g.: product inhibition).

b) Influence of enzyme concentration

The dependence of Nar conversion from the initial concentrations of active enzyme was ana-
lyzed in the range of 35 to 1733 nM catalyst. ED yield and the total turnover number (TTN)
calculated as the molar ratio of product formation to the catalyst was correlated to the en-
zyme concentration (Fig. 4.13).
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Fig. 4.13: Correlation of the applied GVQ enzyme concentration to the ED yield and to the resulting total
turnover number (TTN). Increasing the enzyme concentration within the BM3-GVQ assay, the relative formation
of ED was enhanced until an applied enzyme concentration of 867 nM. The highest TTN is achieved by the lowest
enzyme concentration and decreases strongly by the addition of more enzyme.

Increasing the concentration of BM3-GVQ up to 867 nM leads to an enhanced product for-
mation while the yield decreases at higher concentrations. In contrast, the TTN shows the
highest value at the lowest GVQ concentration (35 nM) and gradually decreases at higher
enzyme concentrations. This behavior could be explained by the presence of an enzyme-
dependent-inhibitory-process. This inhibitory process might be the decoupling reactions in the
GVQ assay (“shunt” pathway) producing toxic substances like H,O, that poisons the enzyme

and therefore decreases the conversion of Nar.

c) Initial substrate concentration and product inhibition

Enzymes can be altered in their activity by substances that influence the binding of the sub-
strate [131]. Especially, flavonoids can inhibit enzyme activity of CYPs [132].To clarify if the
initial concentration of the substrate or the formation of ED has an inhibitory effect on the

conversion of Nar by BM3-GVQ, two approaches were used.

To examine the optimal substrate concentration and to identify a potential enzyme inhibition
by the substrate, initial concentration of Nar was modified in the range of 10 to 200 uM within
a standard BM3-GVQ assay system using 870 nM of enzyme. Percentage formation of ED
was analyzed and compared to the initial Nar concentration (Fig. 4.14). Nar concentration has
no influence on the conversion as the relative product outcome (ED) is constant with increas-

ing Nar concentration.
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Fig. 4.14: Variation of the initial concentration of Nar. A standard BM3-GVQ assay (870 nM BM3-GVQ) was
performed and relative formation of ED was analyzed. Relative ED formation is constant (21-29 %) with increasing
Nar concentrations.

Product formation can also cause inhibitory effects. To determine if increasing ED concentra-
tion suppresses the conversion of the substrate by toxification or inhibiting the biocatalyst, a
BM3-GVQ assay was performed using 25 % initial ED concentration (50 uM) and 150 uM
Nar. These concentrations reflect the situation at the end of a standard conversion of 200 uM
Naringenin. After 1000 min incubation of this substrate/product mixture, 46.2 % + 5.0 % ED
was detected in the assay containing BM3-GVQ and 22.6 % ED in the control without the en-
zyme (empty vector control). Hence no inhibitory effect of ED for the BM3 catalyzed conver-
sion of naringenin was observed. The yield of ED neither depends on the substrate concen-

tration, nor on the product concentration, indicating the presence of another inhibitory effect.

d) Influence of the buffer system

Enzymes are sensitive to pH value. Within their narrow range of accepted values, the pH can
influence the ionization and the binding of the substrate(s) to the enzyme and hence affect
their catalytic activity [133].

Standard BM3-GVQ assay was performed in 50 mM Tris-HCI buffer at a pH value of 7.5. To

optimize and increase the conversion rate, the buffer system was modified and pH value was
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varied in the range of 6.5 and 8.5. The relative formation of ED was compared to the different

buffer systems at two different time points of incubation (Fig. 4.15).
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Fig. 4.15: Evaluation of the BM3-GVQ assay buffer. Standard BM3-GVQ assay was performed in Tris-HCI buff-
er at a pH value of 7.5. Buffer system was modified and the tested pH value ranged from 6.5 to 8.5. Modification of
the standard assay buffer conditions did not increase the formation of ED at two different time points of incubation.
As a consequence, the standard assay buffer (Tris-HCI, pH 7.5) for BM3-GVQ was not changed.

The variation of the buffer substance only slightly influences the formation of ED. The yield of
ED is around 20 % independent from the buffer compound (potassium phosphate, sodium
phosphate, Tris-HCI) in the pH range between 7.5 and 8.5. At pH 6.0 the yield decreases to
12 % after 1000 min reaction time, while the amount of ED after 100 min incubation is similar
to the other conditions (4 %). That hints to a faster inactivation of the enzyme at lower pH
value. Concluding, no significant improvement of ED formation could be achieved by the
modification of the buffer substance and the standard buffer (Tris-HCI, pH 7.5) was used for
further investigations.

e) Influence of cofactor concentration and regeneration system

NADPH supplies electrons and hydrogen ions for the hydroxylation process of Nar. Reduction
equivalents are very expensive (NADPH: ~1400 € mmol™, Sigma Aldrich) and would consti-
tute a major cost factor in an industrial process. Within the BM3-GVQ assay system, costly
NADPH is regenerated from NADP" by glucose-6-phosphate-dehydrogenase (glc-6-P) con-
suming less expensive glucose-6-phosphate (glc-6-P: ~13 € mmol™, Sigma Aldrich). A stand-
ard assay contains 200 uM of substrate, 100 uM of cofactor and 5 mM of glc-6-P and thus
allows the 50fold regeneration of NADPH in theory.
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NADPH consumption was analyzed in a BM3-GVQ assay system without the substrate Nar
(Fig. 4.16). Fig. 4.16A illustrates that NADPH (A=340 nm) is expended also in the absence of
Nar. This indicates a separate pathway like so called shunt pathway that forms H,O from ox-
ygen or a decoupling process producing H,O, from oxygen. To verify NADPH consumption of
a BM3-GVQ assay in the absence of Nar and to prove the functioning of the NADPH regen-

eration system, same assay conditions were applied without adding glc-6-P-DHG and glc-6-P
(Fig. 4.16B).
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Fig. 4.16: A: Oxidation of NADPH by BM3-GVQ in presence of the regeneration system. NADPH is oxidized

by BM3 only to a minor extent after 3.5 h incubation time. B: Oxidation of 100 pM NADPH (A=340 nm) by BM3-
GVQ in absence of the regeneration system.

After 2 h incubation time, NADPH was almost completely consumed. This indicates a high
activity for the separate uncoupled pathway and also highlights the strong dependence of the
BM3-GVQ assay system from the NADPH regeneration system.

A spectrum of a standard BM3-GVQ assay including the NAPDH regeneration system and
Nar as a substrate was analyzed to evaluate the efficiency of the regeneration system (Fig.

4.17A). Even after 3.5 h of incubation the amount of NADPH is only slightly decreased.
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Fig. 4.17: A: NADPH consumption of a standard BM3-GVQ assay. After 3.5 h (dashed line), NADPH slowly
decreased, but is still available in the assay. The regeneration system is efficient, thus NADPH is not the limiting
factor of the incomplete conversion of Nar into ED at the beginning of the reaction. B: Extra supply of NADPH
and regeneration system after 8 h incubation compared to a standard BM3-GVQ assay. The addition of fresh
NADPH and regeneration system increases the formation of ED slightly (up to 20 %, dashed line) compared to a

standard BM3-GVQ assay under equal conditions (control: solid line).The assay was performed in a 2 ml scale
under standard conditions using 0.8 uM BM3-GVQ.

Thus, the regeneration system is highly efficient and NADPH concentration is still available
for the conversion of Nar into ED after 3.5 h incubation. However, the extra supply of NADPH
after 8 h preincubation enhances the formation of ED by some 20 % in comparison to a con-

trol (Fig. 4.17B) indicating that the NADPH level is a limiting factor in a later state of incuba-
tion.

A further experiment was performed to examine the required initial NADPH concentration for
conversion of Nar into ED. A standard BM3-GVQ assay was performed for two different en-
zyme concentrations to analyze the formation of ED at varying initial NADPH concentrations
in a range of 10 uM to 200 pM (Fig. 4.18).
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Fig. 4.18: Influence of the initial concentration of NAPDH on the formation of eriodictyol. For two different
enzyme concentrations no effect was obtained in the NADPH range of 10 uM to 200 puM.

The conversion of Nar into ED is independent of the initial NAPDH concentration in this con-
centration range. The regeneration system is efficient and provides sufficient NADPH for the
formation of ED. Strikingly, only 10 % of the standard NADPH concentration (100 uM) is re-
quired to generate the same ED amount in the BM3-GVQ assay. Additionally, this setup also
allows the exchange of NADPH by NADP* (~ 300 € mmol™), as the regeneration system for
the latter will readily reduce the cofactor costs. Thus, an exchange of 100 uM NADPH by
10 uM NADP’ yields the same amount of ED while decreasing the cost for cofactor by a fac-
tor of ~45.

4.3.2.6 Influence of H,O, formation on naringenin conversion

The decrease of the total turnover number for the BM3-GVQ catalyzed conversion of Nar at
increasing enzyme concentrations as well as the NADPH consumption in the absence of Nar
hint to an uncoupled consumption of O, by BM3-GVQ. According to the known shunt pro-
cesses, H,O, might be an expected product.

a) HyO, level of the BM3-GVQ assay

An HRP o-dianisidine assay was used to determine the production of H,O, An external cali-
bration curve (Fig. 4.19A) was measured to calculate the produced H,O, level of the BM3-

GVQ in vitro assay after linear regression:
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abs = 3.228 x 10™* [H,0,] + 0.0618 . Fig. 4.19B visualizes the H,O, concentration in depend-
ence of the incubation time of a standard BM3-GVQ assay. After 1 h incubation time, H,O,
production was detectable and increased rapidly by further incubation. After 2.5 h incubation

time, over 1 mM H,O, could be measured.
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Fig. 4.19: A: External calibration line of the H,O» concentration. B: H>O, production within the BM3-GVQ
assay measured via HRP o-dianisidine assay. After 2.5 h incubation time, more than 1 mM H,0, was produced
by BM3-GVQ consuming O, and NADPH of the system.

Shunt pathways require also NADPH and O,, hence these consumed (co)-substrates are no
longer available for the hydroxylation of Nar. Additionally, the formation of H,O, can lead to

inactivation of the catalyst, or abiotic oxidation of substrate or product.

b) Catalase addition for H,O, reduction

Catalase, an ubiquitous heme protein, constitutes a common defense strategy of cells to pro-
tect themselves from cell damage induced by H,O,. The enzyme catalyzes the reaction of
H,0O, into water and molecular O, [134]:

catalase
H,0 +0,

H,0;

6 U catalase were applied in the BM3-GVQ assay to degrade the produced H,0, (Fig. 4.20)
and, as a consequence, to avoid the possible inactivation of the biocatalyst and to restore the

consumed cosubstrate O,.
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Fig. 4.20: Effects of catalase addition. Conversion of 200 puM Nar by BM3-GVQ in a standard reaction using
500 nM BM3-GVQ was investigated in absence (control, black) or presence of 6 U catalase (dark cyan). After
400 min incubation time, the formation of ED stopped within the catalase assay, but Nar was further converted into
other products. A standard BM3-GVQ assay was used as a control.

After 360 min incubation time, no further ED formation was observed in the catalase assay,
but Nar was still consumed. After incubation overnight, more ED was formed in a standard
BM3-GVQ assay than in the assay containing catalase. Furthermore, the assay containing
catalase produced byproducts. Thus, the addition of catalase was not successful to optimize
the reaction in vitro and to increase the formation of ED.

4.3.3 Design and screening of new BM3 variants

As all attempts to improve the conversion of Nar into ED by BM3-GVQ failed, new BM3 vari-
ants obtaining better ED vyields should be generated. To increase the conversion of Nar bioin-
formatics techniques were applied (section 2.6.4.1). A protein model (Fig. 4.21) of BM3-GVQ
was built based on the X-ray structure of BM3 wild type (pdb-code: 1bu7). Nar was docked
into the active site. The resulting structure was used to identify positions for the insertion of
stabilizing hydrogen bonds that potentially increase affinity and catalytic activity of BM3 for
Nar (Fig. 4.21). Two amino acids were suggested for mutations: Leu75 and Ala330. The mu-
tations were suggested to increase the interaction of hydrogen bonds within the binding

pocket and thus to improve substrate recognition and to influence the substrate saturation.
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Fig. 4.21: Docking studies of Nar (green) in the active site of a BM3 GVQ model based on BM3 wild type
(pdb-code: 1bu7). Suggested mutations at selective amino acids are highlighted in pink. The light blue amino
acids visualize the mutations F87V and L188Q in BM3-GVQ. A74G is not shown.

For mutation at position 75 (L75S and L75N), plasmids of BM3-VQ and BM3-GVQ were used
as a template to prove an influence of the adjacent position 74 (A74 or G74) on the new en-
zyme variants (L75S or L75N). The four resulting mutants were heterologously expressed in
E. coli BL21 and analyzed by SDS-PAGE for successful overexpression (Fig. B 8). CO differ-
ence spectra measurements showed a characteristic absorbance maximum at A =450 nm
but also a further signal at A = 420 nm (Fig. 4.22); the latter is a typical signal for inactive spe-
cies resulting from incorrectly folded active center of P450 enzymes or from partial denatura-
tion [135]. Indeed, no activity with Nar was found for all four variants.
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Fig. 4.22: CO difference spectra of BM3- variants based on BM3-GVQ or BM3-VQ containing a further mu-
tation at position L75. In addition to the typical Soret band at 450 nm, a further maximum was detected at ~
420 nm which is characteristic for incorrectly folded P450 enzymes or partial denaturation [135].

For the second predicted, relevant amino acid position that might increase the activity of the
BM3-GVQ, a quadruple variant GVQS (A74G/F87V/L188Q/A330S) was created, transformed
and overexpressed in E. coli BL21. CO difference spectra showed a typical spectrum of cor-
rectly folded P450 enzymes with a single Soret band at 450 nm (Fig. B 9). In the enzyme ac-
tivity assay, BM3-GVQS converted Nar into ED but also into apigenin. To compare all active
variants regarding their product formation, the enzymes were tested under equal conditions
(0.42 uM enzyme, 200 pM substrate incubated for 1000 min at 25° C) for the conversions of
Nar (Fig. 4.23).
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Fig. 4.23: Product distribution and total conversion of Nar catalyzed by different BM3 variants. The enzyme
activity assay was performed under equal conditions using 420 nM enzyme of each variant and 200 uM Nar in a
BM3 standard assay that was incubated for 1000 min at 25° C. The GVQ enzyme is the most active variant for the
conversion of Nar.

The highest conversion of Nar was still achieved by the BM3-GVQ variant. Also the content of
the byproduct apigenin is lower compared to the other active variants. BM3-GVQ was still the

most active enzyme to convert Nar into ED.

4.3.4 In vivo biotransformation of Naringenin

For industrial applications in multistep, cofactor-dependent processes, in vivo conversions are
usually preferred, as thereby steps like cell lysis and protein purification can be avoided. Fur-
thermore, in vivo transformations do not require the addition of expensive cosubstrates, co-
factors or regeneration systems as all the respective compounds are provided by the growing
cell. In addition, cells contain detoxification systems against reactive oxygen species (ROS),
e.g.. catalase and glutathione peroxidase that catalyze the degradation of potential toxic by-
products like H,O,[131].

Biotransformation of Nar was performed in vivo with BM3-GVQ. Two different media were
analyzed: LB medium and IPTG-induced overexpression of BM3-GVQ as well as auto-
inducing (Al) medium (Fig. 4.24). An E. coli BL21 strain bearing an empty vector was used as
a control.
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Fig. 4.24: In vivo conversion of Nar by BM3-GVQ in two different media. A: The area under the curve of the
signal in the HPLC chromatogram (A=325 nm) was used to estimate the amount of the compounds. An empty
pET-28a(+) vector transformed into E. coli BL21 (DE) cells was used as a control for conversion. After 25 h, no
conversion of Nar into ED could be achieved in the LB/IPTG medium (A) in contrast to the Al medium (B). Howev-
er, product formation and substrate conversion was first detected in Al-medium after 12 h.

After 25 h, no formation of ED was detected for the biotransformation in LB medium even
though distinct expression of the variant was detected by SDS-PAGE (Fig. B 10). In Al medi-
um, ED formation could not be observed until 12 h incubation time, although the enzyme was

previously already detectable after 4 h of incubation (Fig. 4.25).
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Fig. 4.25: SDS-PAGE of BM3-GVQ variant (1) and an empty vector as a control (0) after in vivo biotrans-
formation of Nar in Al medium at different time points of incubation. After 2 h no significant protein band was
detected in the BM3-GVQ variant (1). A slight band at the expected molecular weight of the BM3-GVQ protein
(119 kDa) was initially observed after 4 h incubation. Although ED formation was initially detected after 12 h of
incubation the BM3-GVQ show a similar protein band with low expression after 4 h, 7 h and 24 h of incubation.

In addition, with a maximal yield of 18 % ED after 25 h, the conversion was less efficient as
the in vitro BM3-GVQ system (up to 25 % ED).
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4.4 Discussion

Three enzymes were investigated for the selective 3’ hydroxylation of Nar to form ED after a
screening of more than 30 different oxygenating biocatalysts. The variant GVQ
(A74G/F87V/L188Q) of the self-sufficient P450 enzyme BM3 showed the highest conversion
of the initial three candidates and can be easily expressed in E. coli as a soluble protein.
However, even with this variant the reaction was still incomplete. Therefore, the in vitro en-
zyme activity assay was analyzed regarding the parameters incubation time, enzyme concen-
tration, substrate and product inhibition, cofactor and cosubstrate availability and the influ-
ence of buffer and pH value. Finally, the BM3-GVQ assay system was tested in an in vivo

biotransformation.

A maximum of around 25 % Nar consumption and therefore ED formation was achieved by
increasing the initial enzyme concentration. Indeed, the highest TTN (ca. 180) of BM3-GVQ
was achieved with the lowest enzyme concentration (35 nM, section 4.3.2.5) and gradually
decreases to ~10 % with enzyme concentrations up to 1733 nM. These observations hint to a
possible inhibition of the enzyme by the product or to undesired shunt pathways producing
inhibitory or toxic compounds. The presence of product inhibition was tested using an initial
concentration of 25 % ED in the standard assay. The conversion of Nar was still about 25 %.
Hence ED does not inhibit the reaction. However, the in vitro conversion using crude extract

was under 5 % with no relevance for in vivo biotransformation.

Investigation of the cofactor NADPH-dependency of the assay highlighted the indispensability
of the regeneration system (section 4.3.2.5) for the conversion of Nar into ED. NADPH pro-
vides electrons for the activation of iron and consequently for the hydroxylation of the sub-
strate Nar. Though, NADPH is rapidly consumed in the BM3-GVQ assay also in absence of
Nar (Fig. 4.16). Hence, NADPH must be consumed in shunt pathways. Highly active CYPs
like BM3 can catalyze such decoupling reactions that produce ROS, primarily superoxide and
peroxide [136]. The production of up to 1 mM H,0O, within the first hour of in vitro enzyme re-
action was shown (section 4.3.2.6). ROS like superoxide and H,O, causes enzyme inactiva-
tion by poisoning the active site of the biocatalyst and might explain the decreased TTN of the
BM3-GVQ — Nar assay at higher enzyme concentrations. Beside the potential inactivation,
this reaction also leads to the depletion of molecular oxygen which is thus less available for
the desired oxidation of Nar. The concentration of solved O, is around 250 pM under the ap-
plied conditions and might be much lower in an assay containing high NADPH-oxidizing activ-

ities.
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To prove if H,O, causes the ED formation by a spontaneous non-enzymatic hydroxylation,
catalase was applied to remove the H,0, formed in the BM3-GVQ assay. Furthermore, cata-
lase should protect the protein itself from inactivation due to the reactive H,O,. Additionally,
catalase might restore molecular oxygen for the conversion of Nar. Both facts should have a
positive effect on the ED formation. However, until 400 min incubation time the catalase addi-
tion leads to a similar time-dependent ED formation compared to the control (without cata-
lase). H,0, is rapidly degraded by catalase as it is formed slowly. Therefore, no H,O, is avail-
able in the beginning of the reaction, thus hydroxylation of Nar is independent from this per-
oxide. After 400 min incubation time, the ED formation stagnated in the catalase assay
whereas ~20 % ED was formed in the control. In addition, Nar was still converted but into un-
desired products. Probably these side products are formed due to the peroxidase-activity of
catalase. It has been shown that catalase can oxidase aromatic substrates at high H,O, con-
centration [134]:

RH + H,0, £8roXidase_ goy +H,0

The stereoselectivity of the ED formation was investigated since incomplete conversion of
Nar could be caused by an enantioselective conversion by BM3. As typical for flavanones,
Nar and ED bear a stereogenic center at atom C-2 of the ring C [137]. This ring system can
easily be cleaved to the chalcone form and re-closed to the flavonoid by a slight change in
the pH value resulting in a racemate [138]. Nar was applied as a racemate in the assay and
was analyzed by chiral HPLC. Racemization due to chalcone formation on re-cyclization was
investigated at different pH-values of the reaction buffer. Nar and ED was always a racemate
in the assay and pH variation in the range of 6.0 until 8.5 could not increase the ED for-
mation. Hence, the incomplete substrate conversion was not caused by enantioselective ca-

talysis.

Another approach focused on protein engineering by site-directed mutagenesis. With the help
of bioinformatics, BM3-variants were proposed and tested for ED formation. Variants bearing
a mutation at position L75 showed altered CO difference spectra compared to BM3-GVQ and
were inactive most likely due to a wrong protein folding. Mutation at position A330 leads to an
active variant, but the conversion of Nar into ED was lower than with BM3-GVQ. The muta-
tion A330S was inserted to increase the binding of the substrate Nar due to the formation of
hydrogen bonds of serine in contrast to the non-polar amino acid alanine. The lower activity
of the new variant BM3-GVQS can be reasoned by the hindrance of the product released

from the active site: the substrate was calculated to interact with the amino acid 330, but the
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product ED bearing a further hydroxyl group might also interact with the new hydrogen bond.
Hence, the stronger binding of the product might reduce the rate of reaction due to a slowly
release of the product. Furthermore, the substrate also binds to the active site by further in-
teractions like hydrophobic or van der Waals interactions which were not included in the cal-
culation. The exchange of alanine to serine enhances the polar character of the active site
and might decrease hydrophobic interaction with the substrate. However, to verify this as-

sumption further investigations are necessary.

Finally, the most active variant, BM3-GVQ was applied in an in vivo biotransformation. This
enables cofactor-supply by E.coli and in vivo removal of toxic side products like reactive oxy-
gen species (ROS), superoxide and H,O,. In addition, the system was tested as a proof of
concept for the biotechnological application. The conversion was successful but still incom-
plete (under 20 % ED formation). Thus, in vivo biotransformation could not increase the con-
version of Nar to ED. In addition, after 24 h the substrate was further metabolized, but the ED
formation has stopped. A surprising observation was, that no direct correlation between pro-
tein synthesis and substrate conversion was detected. For example, no product formation
was detected in LB/IPTG medium although good expression of the BM3-GVQ variant was
observed. Additionally, the formation of ED under autoinducing conditions started after 12 h
incubation time, although the protein was already present after 4 h. A reason might be the
problem of accessibility of the substrate. The time delay between expression of the protein
and ED formation could hint to the involvement of a carrier protein and/or a transporter for the
substrate Nar which might be expressed in a later stage of growing. It has been shown before
that accumulation of high amount of indole in E. coli induces the expression of multidrug ex-
porter genes [139]. Indole formation was also detected in the in vivo biotransformation after
expression of BM3-GVQ [140]. A similar system might act to import the substrate Nar into the

E. coli cells.

Another problem could be the availability of cofactors and cosubstrates. In vivo biotransfor-
mation was performed in flasks shaken in an incubator at high rpm to provide enough oxygen
for the hydroxylation process. NADPH is provided and can be regenerated by the cells but it
is unknown whether these capacities can meet anticipated demand for industrial ED produc-

tion.

4.5 Outlook

Selective hydroxylation of Nar is the initial step in the enzyme cascade; additionally it is the

bottleneck for the production of HED. The enzyme BM3-GVQ was identified to catalyze the
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biotransformation of Nar into ED in vitro and in vivo. In vivo conversion of Nar was confirmed
as a proof of concept. Hence, the enzyme has not to be purified and/or external addition of
expensive cosubstrates and cofactors for the conversion of Nar is not necessary. The sub-
strate is directly added to the culture and ED is available after 24 h incubation time. Although
the conversion was incomplete, the system can be further optimized using, e.g., insertion of a
coexpressed NADPH regeneration system. Modification of the culture media composition can
also regulate product formation as well as other bioprocess conditions like temperature or
glucose level [141]. Process optimization might lead to a higher efficiency of the substrate
conversion. Finally, the two-enzyme cascade could be performed in a proper host by coex-
pression of BM3-GVQ with a suitable OMT.

BM3 is already commonly used as biocatalyst for industrial applications and process efficien-
cy has been investigated since several years. The selective hydroxylation of Nar to produce
ED of a selective BM3-variant, i.e. GVQ, in laboratory scale constitutes the basis for efficient

bioprocess design.
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Chapter Ill: Methylation of ED — the final step of HED biosynthesis

5 Chapter lll: Methylation of ED — the final step of HED biosynthe-
Ssis

5.1 Introduction

O-methyltransferases (OMTSs) catalyze the transfer of a methyl group from a methyl donor to,
e.g., hydroxyl or carboxyl groups [142]. HED is formed by the selective 3’-O-methylation of
ED catalyzed by a specific 3'-OMT in the phenylpropanoid pathway in plants (Fig. 5.1). S-
adenosyl-L-methionine (SAM or AdoMet) acts as the methyl donor and is itself converted to
S-adenosyl-L-homocysteine (SAH).

_CH
ED OH HED o

lOH

0 0
@ ®
SAM <j\' , SN SAH </N N

§

HO  OH HO  OH

Fig. 5.1: Reaction scheme of the 3’-OMT-catalyzed transfer of the methyl group from S-adenosyl-L-
methionine (SAM) to ED forming HED. SAM acts as the methyl donor and is itself converted to S-adenosyl-L-
homocysteine (SAH). The transferred methyl group is drawn in boldface type.

SAM is the most relevant methyl donor in nature and was already discovered in 1953 by Can-
toni [143]. The mechanism of these methyl group transfer reactions is well investigated since
several decades, and was shown to proceed by a nucleophilic substitution process [144]. Due
to the strong electron-withdrawing effect of the positively charged sulfur atom, the methyl
group of SAM is activated as electrophile and attacked by the phenolic hydroxyl group of ring
B in ED. As both of the hydroxyl groups have comparable acidities, the regioselectivity is
mainly governed by the correct positioning of the hydroxyl. As evidence for a Sy2 process,
the mechanism involves an inversion of the configuration of the reacting carbon of SAM [144].

(For radical mechanisms of methyl transfer from SAM see ref. [145].)
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In animals, some of the most essential O-methylations are performed by catechol
O-methyltransferases (COMTSs), which were first discovered in 1957 by Julius Axelrod [146].
COMTs are involved in the metabolism of catecholic amines, including neurotransmitters
such as dopamine and the hormone melatonin. COMTSs also initiate deactivation and biologi-
cal detoxification of catechols like epinephrine. The accepted substrates for COMTSs are high-
ly diverse, albeit the consensus substructure of their substrates is specific as these enzymes
are strictly limited to catechol moieties and proved to be inefficient for the modification of sim-
ple phenols [147]. Two isoforms of COMTs occur in humans: membrane-bound and cytosolic
COMTs [148].

In plants, most of the OMTs occur as cytosolic proteins in soluble form [99], albeit there are
also some examples of membrane-associated enzymes like the sequential orcinol O-
methyltransferase, which catalyzes the last two steps in the biosynthesis of the volatile com-
pound 3,5-dimethoxytoluene - a major scent in many rose varieties [149]. Plant OMTs are not
only involved in the biosynthesis of compounds that play a key role in biological interactions,
such as flower scents [150], pigments [151], or phytoalexins, the latter being involved in the
defense against phytopathogens [152]. In general, they catalyze the O-methylation of a broad
spectrum of plant metabolites, commonly phenolic moieties of alkaloids and phenylpro-
panoids. Thus, O-methylation is influencing a variety of processes such as plant growth, sig-
naling and development [152]. Of particular importance is their participation in the production

of certain lignin precursors, such as coniferyl and sinapyl alcohol [99] (Fig. 5.2).

caffeoyl alcohol coniferyl alcohol sinapyl alcohol
OH OH CH,
CH; O OH
F5H
OH 70%' o 70%‘ CH,

0]

— SAM  SAH — SAM SAH
HO HO —
HO

Fig. 5.2: O-Methylation steps in the biosynthesis of lignin precursor. OMTs catalyze the essential methylation
steps for the production of coniferyl alcohol from caffeoyl alcohol and after hydroxylation catalyzed by a ferulate 5-
hydroxylase (F5H) the further methylation to sinapyl alcohol — the precursor structures of lignin [153]. The intro-
duced methyl groups are highlighted in boldface type.

OMTs of plants can be grouped in three main classes based on amino acid sequence align-
ments and structural studies [154]: type 1 is characterized by a high sequence similarity, and
do not require bivalent cations for activity. These enzymes usually accept a broad range of

substrates like flavonoids, hydroxycinnamic acids (HCASs) or alkaloids. Type 2 OMTs require
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cations and all occur typically in lignin-producing plants. These enzymes are specific for co-
enzyme A-derivatized compounds and therefore they are specified as caffeoyl coenzyme A-
O-methyltransferases (CCoAOMT). These proteins exhibit a high sequence similarity to
mammalian COMTs [154]. The third group, called SABATH (Salicylic Acid, Benzoic Acid,
THeobromine synthase) enzymes, acts only on carboxyl groups forming the corresponding
methyl esters [151, 154]. Depending on amino acid sequence similarities, members of this
group are more closely related to N-methyltransferases (NMTs) than to the other OMT clas-
ses [155]. Typical products resulting from SABATH enzymes are methylsalicylate or

methylbenzoate, essential compounds of floral scents attracting insect pollinators [155].2

The Mg*“dependent phenylpropanoid and flavonoid O-methyltransferase (PFOMT) from ice
plant (Mesembryanthemum crystallinum) is characterized by significant sequence similarities
to CCoAOMTs and therefore it is subgrouped to CCoAOMT-like enzymes. This enzyme ac-
cepts a broad spectrum of compounds that consist of a catecholic frame and prefers caffeoyl-
CoA as well as flavonoids [156]. PFOMT can be heterologously expressed as soluble en-
zyme in E. coli as a cytosolic soluble enzyme [156] and it can catalyze the selective 3'-O-
methylation of ED forming HED with a catalytic efficiency of 5178.4 M*s™ [70] (Fig. 5.3). The
gene sequence expressing the native 3'-OMT enzyme that catalyzes this enzymatic step in
the origin Eriodictyon californicum is still unknown. Hence, PFOMT offers an appropriate can-

didate for the biocatalytic synthesis of HED.

AtTSM1 (Arabidopsis thaliana tapetum-specific methyltransferase 1) belongs also to the
CCoAOMT-like family and has a high sequence similarity of 54.5 % to PFOMT [157]. It was
verified to convert flavonoids like quercitin regiospecific in 3’-position [158], but does not ac-
cept 3,4-dihydroxy benzoic acid as a substrate. Hence, AtTSM1 was considered as a suitable
candidate for the conversion of ED due to tighter substrate specificity than PFOMT. The gene
is specifically expressed in flower buds of A. thaliana but was shown to be also recombinantly

expressible as a soluble protein in E. coli [158].

® partially extracted from L. Wessjohann, A.-K. Bauer, M. Dippe, J. Ley, T. Geissler: Biocatalytic syn-
thesis of natural products by O-methyltransferases, Book-Chapter in ,Applied Biocatalysis - From Fun-
damental Signs To Industrial Applications”. Weinheim, Germany: Wiley-VCH Verlag GmbH & Co.
KGaA, ISBN: 9783527336692; in print
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5.2 Objectives

An enzyme cascade reaction combining the initial oxidation and the final methylation step
should be investigated to achieve HED directly from Nar. The system ought to be appropriate
for in vivo biotransformation to save cost-intensive cofactors and complex enzyme purification

steps.

Therefore, a suitable OMT should be identified that catalyzes the O-methylation of the 3’-
position of the substrate ED to form HED. Within the preceding diploma thesis[70], PFOMT
was heterologously expressed in E. coli and confirmed for the selective O-methylation of ED
forming HED. Finally, the success of in vivo biotransformation of ED was shown as a proof of
concept to produce HED in E. coli cells by heterologous expression of PFOMT under feeding
of ED [70].

The aim of this chapter concentrates on the investigation of the substrate specificity of
PFOMT and the bio-based production of HED directly from Nar. The whole enzyme cascade
(first 3’-oxidation and second 3’-O-methylation) should be developed as a proof of concept for

biotechnological application.
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5.3 Results

5.3.1 Regiospecificity and substrate spectrum of PFOMT

PFOMT was investigated for in vitro and in vivo conversion of ED in a preceding diploma the-
sis in 2010 [70]. The gene was heterologously expressed in E. coli and the synthesized en-
zyme was confirmed for the selective O-methylation of ED forming HED (Fig. 5.3). It was dis-
covered, that PFOMT catalyzes the complete conversion of ED into HED in vitro using an ex-
cess of SAM as methyl donor. The product formation was verified by FT-ICR HR-MS and
NMR analysis.

ED OH HED O

HO
O PFOMT, Mg?* O
( \ 0

OH O OH
SAM SAH

Fig. 5.3: Selective conversion of ED into HED catalyzed by PFOMT. The transferred methyl group is highlight-
ed in boldface type. In previous studies, the enzyme was investigated and in vitro showed complete conversion of
ED. HED could be obtained in 22 % yield by in vivo biotransformation [70].

Due to the regiospecificity on ED, this enzyme was further investigated for activity and stabil-
ity. Investigation of the kinetic data in the in vitro assay determined the catalytic parameters:
the apparent Ky, value of 0.87 uM and a maximum rate of 4.5 pM s™ that result in a catalytic
efficiency of 5178 M*s™. Finally, the success of in vivo biotransformation of ED was shown as
a proof of concept to produce HED in E. coli cells by heterologous expression of PFOMT un-
der feeding of ED in LB media [70]. However, HED formation could be observed, but the con-
version of ED was below 25 % [70]. It was discussed that the availability of the methyl donor
SAM, the low solubility or membrane permeability of the substrate or the higher affinity of
other compounds as a substrate could be the reason for the observed incomplete conversion

in whole-cell biotransformation.

PFOMT was characterized concerning chemospecificity, regioselectivity, enzyme activity and
stability [70]. Based on this study, PFOMT was further analyzed according to the substrate
spectrum and compared to AtTSM1. Both recombinant enzymes were tested after expression
and purification for in vitro conversion of different types of substrates containing of at least

one catecholic moiety (table 5.1).
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Table 5.1: Tested OMT substrates consisting of at least one catechol group (bold) in the scaffold. PFOMT
and AtTSM1 show different substrate spectra. AtTSM1 is distinguished by higher substrate specificity than
PFOMT. AtTSML1 only accepts the flavonols that are sp2 hybridised at the C2 and C3 atom. Hence ED (highlighted
in blue) was not converted by AtTSM1. PFOMT catalyzes the transmethylation of a broad spectrum of substrates
independent of a double bond at the pyran ring C. Both enzymes catalyze the O-methylation of position 3(‘) with
100 % regioselectivity (red). Substrate conversion (X) is defined as product formation over 5 % yield under OMT
assay conditions.

. substrate conversion
substrates chemical structure
PFOMT AtTSM1
ED
(5,7,3, 4" X no
tetrahydroxy- conversion
flavanone)
(-)-epicatechin
(3.,4'5,7- X no
tetrahydroxy- conversion
flavanole)
sterubin
(7-methoxy- X no
3',4',5-trihydroxy- conversion
flavanone)
taxifolin
(5,7,3,4- X no
tetrahydroxy- conversion
flavanonole)
fisetin
(31, 41, 7_ X X
trinydroxy-
flavonole)
caffeic acid
(3,4-dihydroxy- X X
cinnamic acid)
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substrate conversion

substrates chemical structure
PFOMT AtTSM1
myricetin
(3.,4'5,5',7- X X
pentahydroxy-
flavonole)
oleuropein no conversion

1,5-dicaffeoyl-
L X X
quinic acid
3,5-dicaffeoyl-
L X X
quinic acid
4 ,5-dicaffeoyl-
o X X
quinic acid
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substrate conversion

substrates chemical structure
PFOMT AtTSM1
3,4-dicaffeoyl-
- . : X X
quinic acid
HO 3 e N OH
OHO
HO",4
OH
rosmarinic acid 3L 4. 0OH
((R)-O-(3,4-
dihydroxy- 0} X X
cinnamoyl)-3- [e)
(3,4- dihydroxy- = "0
phenyl) lactic 4 OH
acid) HO™ Y3
OH
4 OH
OH
3
. . . 0 —
cichoric acid HO o)
(2R,3R-O- o) X X
dicaffeoyl- 0] OH
tartaric acid) — e}
HO 3
HO 4

Aromatic vicinal dihydroxyl groups are essential for the catalysis of the transmethylation
mechanism by CCoAOMTs. PFOMT and AtTSM1 catalyze the O-methylation at the 3“-

position with 100 % regioselectivity. However, there are differences between the accepted
substrate spectra within this OMT subgroup. AtTSM1 only accepts substrates that are sp? hy-

bridised at the C2 and C3 atom on the pyran ring C (Fig. 5.4). Thus, AtTSM1 does not cata-
lyze the O-methylation of ED.
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(A N (8 HO OH )

02

HO 3—~0OH

Fig. 5.4: Examples for the assayed flavonoids with sz_ (A) and sp?’-hybrised (B) pyran ring C. The crucial
bond of the C2 and C3 atom are highlighted in bold red. The hybridization of ring C influences enormously the
spatial arrangement of the flavonoids. A: fisetin, B: taxifolin

To investigate the potential reasons for the observed different substrate specificities, AtTSM1
and PFOMT were analyzed due to their structural differences of the active site using docking
studies. Therefore, a protein model of AtTSM1 based on the crystallized protein structure of
PFOMT was constructed and the applied substrates were docked into the active site. Altera-
tions in the tertiary structure within the active site visualized the potential source of non-
acceptance of sp*-hybrised flavonoids. Mainly the Tyr51 of PFOMT corresponding to the
Glu49 of AtTSM1 was determined as necessary for the structural stabilization of ring C in fla-
vonoids and as crucial for the substrate recognition (Fig. 5.5).

Asn202

lle101

Phe103

Fig. 5.5: Alignment of the 3D structure of the homology model of AtTSM1 (gray) and the 3D protein struc-
ture of PFOMT (pdb-code: 3C3Y (green). A) Overall view of the alignment of AtTSM1 (gray) and PFOMT
(green). B) Closeview of the active sites with SAM: The highlighted and designated aa residues are potentially
involved in the (non-)acceptance of sp3-hybrised flavonoids.

Sp-hybridised flavonoids offer a flexible conformation of ring C and are only accepted by the

PFOMT stabilizing the ring because of -1 interaction with the Tyr51 missing in AtTSML1.
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Both enzymes accept the sp2-hybridised flavonoids fisetin (flavonol) resulting from a fixed
planar C-ring within their structure. Asn202 was assessed as the putatively critical aa for ac-
tivity of PFOMT on flavanonols like taxifolin. The corresponding aa of AtTSM1 (Typ198) is not
able to develop hydrogen bonds to the hydroxyl group at 3 -position in contrast to the Asn202
of PFOMT (Fig. 5.6).

Taxifolin

Asn202

Fig. 5.6: Taxifolin docked in the active site of PFOMT (green) (pdb-code: 3C3Y). PFOMT is able to develop
hydrogen bonds to the hydroxyl group at 3-position of taxifolin (cyan) by Asn202 (orange) in contrast to the corre-
sponding bulky Tyr198 of AtTSM1 (gray). AtTSM1 does not accept spg-hybridised flavonoids which have a con-
formationally flexible ring C.

In addition, bulky side chains in AtTSML1 like Lys17 and Phel81 located in the entrance of the
active site are exchanged in PFOMT for more compact aa: Cys21 and Gly185, respectively.
Other aa exchanges result in the same function of the side chains, e.g.: Phel03 of PFOMT
and the corresponding 1le101 in AtTSM1 for the binding of SAM. Finally, AtTSM1 was found
to be more substrate specific than PFOMT, but exactly therefore unable to convert ED into
HED.

Oleuropein was not accepted by PFOMT or AtTSM1, although the docking calculations gave

good positions for binding of the substrate and enough room for conversion (Fig. 5.7). A rea-
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Chapter Ill: Methylation of ED — the final step of HED biosynthesis

son for this could be the very low logKow value of oleuropein (-0.86) indicating a much too
hydrophilic substance for the conversion in the hydrophobic substrate pocket of PFOMT. Typ-
ical substrates of PFOMT are considerably more lipophilic than oleuropein, e.g.: quercitin
(logKow=1.82) or luteolin (logKow=2.36) [156, 159].

OH o~

HO_ .. oy
~Nw 0 'rO\\ o OH

Fig. 5.7: Chemical structure of oleuropein.

PFOMT accepts a broad range of substrates of different size and polarity like CoA ester,
aglycones and hydroxycinnamic acids due to its large and flexible active site [156], but the

glycosylated phenylethanoid oleuropein was not accepted as a substrate.

5.3.2 PFOMT - in vivo biotransformation

In the previous studies, PFOMT was heterologously expressed in E. coli M15[pRep4] cells
[70]. To compare and to combine the oxidation of Nar (chapter II) with the methylation step of
ED, the plasmid bearing the PFOMT gene was transformed in the similar strain E. coli
BL21 (DE) used for the oxidation. The in vivo biotransformation of ED was performed analo-
gously to the in vivo biotransformation of Nar using the BM3-GVQ strain.

Two different media were used for cultivation: LB and Al medium. Their efficiency was deter-
mined comparing the area of the signal in the HPL chromatogram (A=280 nm) of the sub-
strate and the product (Fig. 5.8). An empty pET-28a(+) vector transformed into E. coli
BL21 (DE) cells was used as a control for conversion.
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Fig. 5.8: Comparison of the in vivo conversion of ED catalyzed by PFOMT in two different growth media.
The area under the curve of the signal in the HPL chromatogram (A=325 nm) was used to estimate the amount of
the compounds. An empty pET-28a(+) vector transformed into E. coli BL21 (DE) cells was used as a control for
conversion. After 25 h, ED conversion into HED achieved higher amounts in the LB/IPTG medium (A) than in the
Al medium (B). However, while product formation and substrate conversion decreases in Al-medium after 12 h, a
further metabolization of ED without product formation is observed in LB-medium.

Indeed, after 25 h the formation of HED achieved 24 % in the LB/IPTG medium and 16,3 % in
Al medium. However, in LB medium the substrate ED was more intensively metabolized into
further compounds and also HED degradation started already after 13 h (HED vyield 24.9 %)
in contrast to the Al medium. In both cases, the conversion of ED started at an early stage
(after 3 h) but no complete conversion to HED could be observed even after 25 h of conver-

sion. After 25 h the flavonoids were strongly metabolized in both media.

5.3.3 Enzyme cascade: oxidation and methylation
The catalytic cascade for the biosynthesis of HED starting from the selective oxidation step of
Nar to form ED and the further conversion into HED by selective O-methylation was proved

as one-pot synthesis by in vivo biotransformation of Nar.

Therefore, both plasmids bearing the respective genes for BM3 GVQ or PFOMT were co-
transformed into one E. coli BL21 (DE) strain (GVQ+PFOMT). According to the preceding
studies (section 4.3.4, 5.3.2) two different media were used for coexpression of the BM3-
GVQ and PFOMT: LB/IPTG and Al medium. An E. coli BL21 (DE) strain including an empty
vector was used as a control. In LB medium, no conversion of Nar into ED or HED could be
determined after 25 h incubation time although PFOMT and BM3-GVQ were expressed in the
media (Fig. 5.9).
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Fig. 5.9: SDS-PAGE from the coexpression of PFOMT and BM3-GVQ in different media after 25 h incuba-
tion. A: In LB medium the coexpression (1) of PFOMT (28 kDa) and BM3-GVQ (119 kDa) is slightly compared to
the single BM3-GVQ (2) expression shown in the SDS-PAGE. B: In Al medium the single expression of BM3-GVQ
(1) and the coexpression (2) of both genes show similarly weak protein bands. An E. coli BL21 (DE) strain, includ-
ing an empty vector was used as a control (0).

In the Al medium, the product HED could be obtained after incubation over 12 h, but no ED
formation was detected (Fig. 5.10).
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Fig. 5.10: Comparison of the in vivo conversion of Nar in the coexpression E. coli strain GVQ+PFOMT in
two different induction media: LB/IPTG (A) and Al medium (B). The efficiency was determined comparing the
area under the curve (AUC) of the signal in the HPLC chromatogram (A=325 nm) of the compounds. After 12 h
incubation time, HED formation was obtained using Al medium. ED was not detected at any time. The conversion
of Nar started in principal after 12 h incubation time. In LB/IPTG medium, neither HED nor ED was determined
after 25 h. After 25 h substrate and product were metabolized into further compounds by the strains and by the
control.
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This indicates, that during coexpression of BM3-GVQ and PFOMT the hydroxylation of Nar is
the rate limiting step and the subsequent methylation of ED yielding HED is fast. As the high-
est conversion over 30 % yield of HED produced from Nar could be obtained after 25 h incu-
bation time. In both media and in the control, the compounds were readily consumed after
48 h incubation time.

5.4 Discussion

PFOMT is a suitable OMT for the in vitro synthesis of HED. The enzyme catalyzes regiospe-
cific the 3¥-O-methylation of substrates bearing a catecholic frame — a specific structural mo-
tif consisting of an aromatic system with a vicinal dihydroxyl group. A further requirement on
the substrate is that the compound must be hydrophobic enough to be accepted in the active
site. PFOMT features the catalysis of 100 % regioselectivity in 3“-position for all tested sub-
stances in comparison to further representatives of the CCoAOMT-like enzyme family that
differ in their regioselectivity in dependence of the substrate, e.g.: the OMT encoded by the
gene of at4g21220 from Arabidopsis thaliana [160].

However, PFOMT has a broad substrate spectrum in comparison to AtTSM1 (section 5.3.1)
that is undesirable for in vivo conversion. Although PFOMT obtains a high catalytic efficiency
of 5178 s* M for ED in vitro, the conversion of smaller molecules like caffeic acid show a
considerable higher efficiency (Kca/Km app= 22900) [70]. Due to this fact, other substrates can
competitively inhibit the in vivo conversion of ED and might be responsible for the uncomplet-
ed conversion of ED during in vivo biotransformation. In contrast to the single step of in vivo
biooxidation and to the in vivo enzyme cascade, HED is already detected in an early stage
(3 h) of growing and expression. However, independent of the applied media, ED is also me-
tabolized to further products by the cells. The consumption of ED is higher in LB/IPTG medi-
um than in Al medium. Using terrific broth medium, the formation of HED could be increased
but conversion was still uncompleted (< 40 %) [70]. Moreover, indole was formed in high
amounts [70] indicating an environmental response [161] of the cells that can result inter alia
in the expression of multidrug exporter genes [139]. Such multidrug exporters can act as ef-
flux pumps to aid the bacterial cells to expel hydrophobic, toxic compounds and to allow their
survival. In addition, the methyl donor SAM can be limited. SAM was used in an excess
amount for the in vitro assay. Therefore, the calculated catalytic efficiency is only an apparent
value of ED conversion where SAM is not limited in contrast to the in vivo conversion. The
heterologous host E. coli provides SAM by its endogenous metabolism, but this might be in-
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Chapter Ill: Methylation of ED — the final step of HED biosynthesis

sufficient for (living) whole-cell biotransformation. Coexpression of a SAM regeneration sys-

tem or of a SAM synthase could yield an increased product formation.

The whole enzyme cascade was only successfully realizable in Al medium. The high influ-
ence of the media used for the bioconversion yield was already shown for the oxidation and
also affects the enzyme cascade. Media like terrific-broth or M9 minimal medium can in-
crease the membrane permeability and the conversion rate [162]. Although both reactions
depend on cofactors and cosubstrates that must be provided by the hosts endogenous me-
tabolism, an overall conversion of Nar of over 30 % HED was achieved after 25 h incubation
time. ED was not detected at all, indicating that the first step (oxidation of Nar) limits the reac-
tion velocity for the formation of HED from Nar. In addition, both plasmids were cotrans-
formed and coexpressed in one strain. For successful biotransformation, one optimized
plasmid bearing both genes could adjust the protein synthesis and probably improve the bio-
conversion of Nar forming HED. Furthermore, the applied plasmids are not compatible due to
the same origin of replication. Though this was adequate for a first trial if this two-step in vivo
biotransformation works at all, it causes the inhibition of replication for one plasmid and plas-

mid segregation [163] that can be optimized.

In summary, with this first generation in vivo enzyme cascade a successful conversion of Nar
to HED was achieved. The (living) whole-cell biotransformation was developed as a proof of

concept that needs to be further optimized for production and upscaling.

5.5 Outlook

Selective O-methylation of ED to form HED is the final step in the enzyme cascade starting
from Nar. The investigations that are described in this chapter show that PFOMT is a suitable
enzyme for in vitro and in vivo bioconversion of ED to form HED including the O-methylation
of ED produced from Nar in situ by oxidation using BM3-GVQ in E. coli. The enzyme cascade
was developed as a proof of concept that can be further optimized regarding the culture me-
dia, plasmid selection, expression and incubation conditions and of course according to co-

factor coexpression systems.

The biotechnological system of oxidation and methylation in one enzyme-cascade was suc-
cessfully established for a suitable host in a laboratory scale applicable for system biology
and biotechnology [164]. The advanced system generates the foundation for an industrial bio-
process that now can be optimized and scaled up for the microbiological production of natural
HED from Nar.
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6 Final discussion

The microbial production of ED and HED was investigated based on two different starting
points (Fig. 6.1). Both approaches need two enzymatically catalyzed steps to obtain the de-
sired product HED.

A
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Fig. 6.1: Two strategies investigated for the microbial biosynthesis of HED. A: The dashed line covers a pre-
cursor-directed approach by a modified biosynthetic pathway. The chalcone (HEDCh) is synthesized via two en-
zymatically catalyzed steps: at first ferulic acid is activated by At4CL2 catalyzing the CoA ester formation and sec-
ondly CHS2 catalyzes the polyketide formation and aromatization into the HEDCh that closes the ring forming the
desired flavonoid HED under soft-basic conditions. B: The solid line comprises an approach adapted to the natural
biosynthesis of HED: Nar is used as a substrate for selective hydroxylation forming ED catalyzed by BM3-GVQ in
the first step and secondly HED is formed by 3’-O-methylation of ED catalyzed by a selective 3’OMT called
PFOMT.

The first approach of microbial biosynthesis focusses the precursor-directed chalcone biosyn-
thesis starting from the HCAs within the phenylpropanoid pathway (Fig. 6.1A). The target fla-
vonoid HED is formed in two enzymatically catalyzed steps: at first, the ligase At4CL2 cata-
lyzes the formation of an active ester from ferulic acid which already consists of the desired
modifications at ring B. Secondly the chalcone HEDCh is formed catalyzed by a specific
CHS2 using three units of malonyl-CoA to construct the typical skeleton C6-C3-C6 of the
polyketide. Finally a chemical step is used for the ring closure instead of a CHI to convert the
chalcone into a flavonoid. The single steps were proved for the conversion of inexpensive hy-
droxycinnamic acids into the desired flavanones. Modifications of the hydroxycinnamic acid
determine the skeleton of the ring B of the flavanones and avoid the use of enzymes that are
difficult to handle like trans-cinnamic acid 4-hydroxylase (class 2 — microsomal type CYPs,

4.1 Introduction, chapter II).

The second strategy based on the modification of the flavonoid Nar derived from the natural

HED biosynthesis in plants (Fig. 6.1B). For this purpose a 3’-hydroxylase was required, cata-
102



Final discussion

lyzing selectively the conversion of Nar into ED. After screening a multitude of oxygenating
biocatalysts, the microbial monooxygenase BM3-GVQ was discovered realizing this hydrox-
ylation step. Moreover, the triple mutant offers a high potential for industrial application [122,
129]. In the second step, an OMT acting selectively on ring B forming 3’-O-methylated ED
(HED) was necessary. Therefore, a plant OMT with high catalytic potential for conversion of
ED called PFOMT was applied. The enzyme was already investigated for conversion of ED
and for the in vivo biotransformation within the diploma thesis of 2010 [70]. However, the
combination of both steps realizing an enzyme cascade for in vivo biotransformation was cru-

cial and could be achieved within this study.

Both strategies were extensively investigated and separate in vitro conversion for each step
was confirmed to produce ED and HED. Moreover, strategy B was also established as en-
zyme cascade for in vivo biotransformation in E. coli. Nar can be fed as a substrate to the cul-
ture and HED is directly yielded after 24 h incubation in Al medium without the addition of ex-
pensive cofactors and cosubstrates. Hence, this approach (B) offers an appropriate founda-

tion for the industrial biocatalytic synthesis of natural HED from the cheap precursor Nar.

However, the system is limited in its formation of HED (yield up to 36 % 219.6 mg I™* after
24 h incubation). A few reasons are possible: For this first approach of in vivo biotransfor-
mation, the plasmid of hydroxylation bearing the gene BM3-GVQ (pET-28a(+)) and the plas-
mid for 3’-O-methylation (pQE30) translating the PFOMT gene were cotransformed and co-
expressed in one E. coli strain. The biotransformation of Nar in this strain was performed as a
proof of concept. However, due to the low expression levels, both plasmids have the same
origin of replicons resulting in incompatibility [165, 166]. However, several research groups
already investigated such microbial flavonoid biosynthesis and presented a successful meth-
odology for the production of flavonoids basing on inexpensive precursors [69, 167-172].
With a look to the methods, the researchers used on the one hand appropriate Duet-plasmids
like pACYCDuet-1 (Novagen) bearing sets of the target genes according to one flavonoid
metabolon. In general, such a flavonoid metabolon unites enzymes of the plant phenylpro-
panoid pathway that are cytosolic soluble and organizes them as weak association to the cy-
toplasmic face of the endoplasmic reticulum [173]. Thus, the expression levels are attuned for
temporization and localization of the synthesized proteins and can be optimized for an en-
zyme cascade using one plasmid. In addition, duet-plasmids feature compatible replicons that
are essential to avoid the RNA antisense mechanism suppressing the replication of one

plasmid and causing plasmid segregation [163]. For the first approach of cotransformation the
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already tested plasmids bearing the crucial genes were applied although they bear the same

origin of replication that is incompatible.

Another difference within the designated method was the applied culture medium for the
feeding experiments. The overall reaction requires high levels of cosubstrates and cofactors
like NADPH and SAM for strategy B and for the first approach, CoA, ATP and especially mal-
onyl-CoA that are limited in E. coli [172]. For example, a nutrient medium with high amounts
of glucose as a carbon source is essential to provide the cosubstrate malonyl-CoA which is
mainly used in the fatty acid pathway [174]. This strategy significantly enhances the yield of
produced flavanones in microbes [169]. In addition, the pathway can be further engineered by
expression of the genes of the key enzyme acetyl-CoA carboxylase (ACC) to increase the
malonyl-CoA level [167] (Fig. 6.2).

acetyl-CoA malonyl-CoA
i ACC o9
H3C)J\S,CoA +HCOs +ATP — HOJ\CJ\S’COA +ADP +P,
H2

Fig. 6.2: Malonyl-CoA biosynthesis. Acetyl-CoA carboxylase (ACC) catalyzes the carboxylation of acetyl-CoA
forming malonyl-CoA and is essential in the fatty acid biosynthetic pathway.

Although the approach for a precursor-directed, biosynthetic enzyme-cascade was not suc-
cessful, this modified biosynthetic pathway using the recombinant genes At4CL2 and
HvCHS2 might be successful after engineering recombinant coexpression and cultivation
conditions. Watts and coworkers (2004) explored recombinant flavonoid biosynthesis in met-
abolically engineered Escherichia coli and described the blockage of the whole system by the
initial enzymatic step (ligase) due to simultaneous coexpression. Variation in feeding condi-
tions of p-coumaric-acid and cultivation methods established the production of Nar, but ED
and HED could not be obtained from caffeic acid and ferulic acid within this system [175].

Similar, for strategy B starting from Nar, NADPH and SAM are limited and might be one rea-
son amongst others for the incomplete conversion of Nar into HED. Under in vivo conditions,
the low cellular concentration of produced SAM is rate-limiting for subsequent OMT reactions.
The biosynthesis of SAM is strongly regulated and requires a methionine adenosyltransferase
(MAT) that is also called SAM synthase (SAMS). The amino acid L-methionine (Met) and
ATP act as substrates for SAM synthesis [176]. In the first step of the reaction, SAM and tri-

phosphate is formed, whereby the latter is subsequently converted into monophosphate and
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diphosphate by hydrolysis within MAT (Fig. 6.3). SAM synthesis also represents the initial
step in the biodegradation of Met [177].

© ATP Pi+PPi O @

Fig. 6.3: Biosynthesis of SAM. L-methionine (Met) and ATP act as substrates for MAT (SAMS) under the driving
force of the derolysis of the inorganic triphosphate anhydride. SAM, phosphate (Pi) and diphosphate (PPi) result
as products.

Two types of SAM MATs (MAT1 and MATZ2) are known from Saccharomyces cerevisiae. The
latter is the important one for SAM synthesis [178] allowing high gene expression during
growth [179]. Therefore, MAT2 is used in several heterologous expression systems to in-
crease the SAM levels and might be an alternative by coexpression to improve the HED yield
in strategy B. A further problem is caused by the antimicrobial effect of some flavonoids
against E. coli amongst others, in particular if the compounds bear a ring B hydroxylation [34]
that is given in case of Nar, ED, HED and apigenin. All these reasons can suppress the con-
version of Nar into ED within the in vivo biotransformation. A further reason for low conver-
sion might be the problem of accessibility of the substrate. Nar and ED are aglycones and not
well soluble in water or media. Therefore, the substrate was dissolved in DMSO (stock solu-
tion) to increase the membrane penetration of the E. coli cells. However, DMSO possesses
also poisonous effects and can constitute its greatest toxic potential to organism in a combi-
nation of toxic agents [180]. To avoid such effects, DMSO can be replaced by other penetra-
tion enhancers to increase the bioavailability of the flavonoids within the cytoplasm, and the
excretion of product in the ideal case.

In conclusion, strategy A established two enzymatic steps to form ED and HED from the low-
priced substrates caffeic acid and ferulic acid, respectively. The system is still limited to the
single steps and for in vitro conversion, but opens the door to in vivo biotransformation and

the production of further natural and unnatural flavonoids due to the precursor-directed bio-

* extracted from L. Wessjohann, A.-K. Bauer, M. Dippe, J. Ley, T. Geissler: Biocatalytic synthesis of
natural products by O-methyltransferases, Book-Chapter in ,Applied Biocatalysis - From Fundamental
Signs To Industrial Applications”. Weinheim, Germany: Wiley-VCH Verlag GmbH & Co. KGaA, ISBN:
9783527336692; in print
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synthesis. Strategy B was established as the successful in vitro formation of ED and HED.
Moreover, the whole enzyme-cascade was developed as a proof of concept for in vivo bio-
transformation yielding ~20 mg I'* of HED after 24 h of incubation for a first generation proof
of concept. This fundamental system offers a biotechnological process that is already regis-
tered for patent (EP14187583) due to the successful foundation.
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Appendix A

Supplementary information to Chapter I: Precursor-directed biosynthesis of flavonoids
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Fig. A 1: Purification steps of CoA ester synthesis exemplified for caffeoyl-CoA. Crude extract (c) was load-
ed on a SPE cartridge. The throughput (t), washing step (w) and elution (E1-E2) show no absorption indicating
complete and successful binding of the CoA ester on the solid phase material. The purified CoA ester is then lib-
erated by water, eluted fractions (E3-E14) are pooled and freeze dried.
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Fig. A 2: HPLC run of p-coumaroyl-CoA formed by enzymatic ligase reaction and purified using SPE.

107



50

25

DAD1 G, Sig=364.4 Ref=0 [BAK RETUREBAK_RETURY30110_0000012.0)
[

2428

Fig. A 3: HPLC run of caffeoyl-CoA formed by enzymatic ligase reaction and purified using SPE.
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Fig. A 4: HPLC run of feruloyl-CoA formed by enzymatic ligase reaction and purified using SPE.
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Fig. A 5: HPLC run of isoferuloyl-CoA formed by enzymatic ligase reaction and purified using SPE.
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Fig. A 6: HPLC run of 4-ethoxy-3-hydroxycinnamoyl-CoA formed by enzymatic ligase reaction and purified
using SPE.
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Fig. A 7: HPLC run of 4-propoxy-3-hydroxycinnamoyl-CoA formed by enzymatic ligase reaction and puri-
fied using SPE.
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Table A 1: FT-ICR HR-MS data of the CoA thioester compared to the calculated mass.

CoA thioester m/z (FT-ICR
M) mode calculated mass [M] HR-MS)
positive [M+H]* 91415903 | -
p-coumaroyl-CoA mode
[M] 913.152 -

(CooH1018N7PsS) negative [M-H] 912.1447 912.1443
mode [M-2H]" 455.4587 455.5690
positive [M+H]" 944.1703 |-

isoferuloyl-CoA mode

M] 943.163 -

(Ca1HaaO19NP3S) negative [M-H] 942.1553 942.1550
mode [M-2H]* 470.574 470.5732
&Ojétéve [M+H]* 958.1855 | -

3-ethoxy-4-hydroxycinnamoyl-CoA IM] 957 1782 .

H NP :

(CoeHasO1oN7P5S) negative [M-HJ 956.1709 956.1699
mode [M-2H]” 477.5818 477.5811
fnojétéve [M+H]* 958.1855 | -

4-ethoxy-3-hydroxycinnamoyl-CoA M| 957 1782 .

H NP :

(CoeHasO1oN7P5S) negative [M-HJ 956.1709 956.1708

mode [M-2H]" 477.5818 477.5812
| posttive [M+H]" 972,1973 |-
4-propoxy-3-hydroxycinnamoyl- mode

CoA [M] 971.1939 -

(C33H45019N7P5S) negative [M-H] 970,1866 970.1856
mode [M-2H]" 484.5896 484.4896
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Table A 2: NMR data and spectral assignments for caffeoyl- and feruloyl-CoA (over 2 pages). NMR meas-
urements were performed in D-O at 600 MHz. *H-NMR, *C-NMR and 2D-NMR correlation spectra (HMBC,
HSQC) were measured to confirm the structure of caffeoyl-CoA (R = H) and feruloyl-CoA (R = CH3). *p-NMR was
measured exemplarily for caffeoyl-CoA (highlighted in green). To allocate the relevant positions, NMR signals for
the CoA thioester follow the numbering convention of the synthesized CoA thioester and was modified according
to D’Ordine et al. (1995) [103]. a) Chemical shift of HSQC and HMBC correlation peaks. b) Chemical shift of DQF-
COSY correlation peaks. c) May be interchanged.

caffeoyl-CoA: R=H
feruloyl-CoA:  R=CHj
caffeoyl-CoA (R=H) feruloyl-CoA (R=CHys)
13 1 31
C: H & [ppm] P & [ppm] 13a 1
Pos. Pos. C% &[ppm H: & [ppm] (J[HZ
2 152.3 8.099 s 2 152.3 8.064 s
4 148.9 4 148.8
5 118.5 5 118.4
6 155.2 6 155.1
8 139.5 8.441's 8 139.3 8.428's
1¢ 86.2 6.044 d (6.4) 1¢ 86.4 6.020 d (6.6)
2 74 4.79" 2 74 4.79"
3 73.9 4.82° 3 74 4.77°
4 83.2 4571 m 4 83.4 4.558 m
5 65.2 4267 m 5 65.2 4.247 m
3.781 dd
. (9.8/4.8) / . 3.853 dd (9.9/5.0) /
1 71. 1 71.
8 3.585 dd 8 3.576 dd (9.9/5.0)
(9.8/4.7)

2¢ | 383 2¢ | 383
3¢ 74.2 4.052 s 3 741 4.046 s
4« 174.7 4« 174.7
5¢ | 35.4° 3.51°/3.45° 5 | 354 3.50%/3.47"
6“ | 35.3° 2.4741(6.5) 6“ | 35.3 2.4721(6.6)
7¢ 174.1 7¢ 174
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caffeoyl-CoA (R=H)

feruloyl-CoA (R=CHys)

13 1 31 13 ~a
C: H & [ppm] P &6 [ppm] c= 1

Pos. Pos. H: & m] (J[Hz

Sppm] | (GH2) (J[Hz) & [ppm] [Ppm] (fHz)
8" 38.7 3.444 1 (6.4) 8- 38.7 3.4371(6.3)

3.167 dt
) (14.1/6.4) | ) 3.159 dt (14.1/6.3) /
9 28.1 3.118 dt (14.1/ o 28 3.121 dt (14.1/6.3)
6.4)
10“ 20.8 0.921s 10“ 21 0.920 s
11“ 18.2 0.790 s 11“ 18.2 0.790 s
1 193.2 -— 1% 193.1 -—
7 121.7 6.554 d (15.9) 2 121.8 6.591 d (15.9)
34 141.6 7.319d (15.9) 3¢ 141.7 7.361d (15.9)
4 126.2 - 4% 126.1 -
5¢ | 1148 7.010d (2.1) B« 110.8 7.032d (1.9)
6% | 144.6 6" 147.4
7" 147.2 --- 7 147.8 ---
g« | 116 6.836 d (8.4) g« 115.4 6.830 d (8.3)
6.929 dd

9 123 G 42.0) 9 1237 6.985 dd (8.3/1.9)
3‘_0_ 7“(_
P 10s OMe 55.6 3.858 s
5-0O- -10.1d
p° (20.7)
1“-O- -10.6d
p° (20.7)
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Table A 3: NMR spectra of p-coumaroyl-CoA. (D20, 600 MHz). * NMR measurements were performed in D,O
at 600 MHz. *H-NMR, *C-NMR and 2d-NMR correlation spectra (HMBC, HSQC) were measured to confirm the
structure of p-coumaroyl-CoA. To allocate the relevant positions NMR signals for the CoA thioester the numbering
convention of the synthesized CoA thioester was modified according as D'Ordine et al. (1995) [101]. a) chemical
shift of HSQC and HMBC correlation peaks

=]

OH 0 o]
2n
3" 1"

H H I I - —
: SNNWN\W\O/T\O’T\O ~&0 N%NH
OH OH A LA 2
o O 4o 1" 3 Py N , 8
Q oH "X N
HO-;P:: o 2
HO
Pos. 3¢c® & [ppm] "H: &[ppm] (J [Hz])
2 152.7 8.130s
4 149.1
5 118.5
6 155.4
8 139.6 8.497 s
1 86.5 6.096 d (6.3)
2" 74.3 4.81%
3 73.9 4.81%
4 83.8 4.594 m
3 65.6 4.278 m
1 71.9 3.877 dd (9.9/4.9) / 3.592 dd (9.9/4.9)
2" 38.4
3" 74.1 4.064 s
4" 174.8
5 35.4 3.504 m
6" 35.4 2.499t (6.5)
7" 174.1
8" 38.8 3.468 m
9" 28.2 3.179 dt (14.0/6.3) / 3.157 dt (14.0/6.3)
10" 21.0 0.931s
11" 18.2 0.790 s
1 193.4
2 121.6 6.633 d (16.0)
3« 141.7 7.454 d (16.0)
4" 125.7
59" 130.7 7.451 d-like (8.7)
6/8" 115.9 6.889 d-like (8.7)
7 158.5
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Fig. A 9: Double quantum filtered correlation spectroscopy (DQF-COSY) plot of p-coumaroyl-CoA.
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Fig. A 10: Total correlation

spectrum (TOCSY) of p-coumaroyl-CoA.
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Fig. A 11: Heteronuclear single-quantum correlation spectrum (HSQC) of p-coumaroyl-CoA.
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Fig. A 12: Heteronuclear multiple-bond correlation spectroscopy (HMBC) plot of p-coumaroyl-CoA.
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Fig. A 13: Rotating frame nuclear Overhauser effect spectroscopy (ROESY) plot of p-coumaroyl-CoA.

117



2.0 1 —&— ligase reaction of caffeic acid
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Fig. A 14: Wavelength shift during the ligase reaction using caffeic acid under time control. The CoA thioe-
ster gives a specific absorption at 346 nm indicating product formation.
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Fig. A 15: Retention time and MS2 fragmentation pattern of the CHS2 product (A) compared to HED (B) and
Hesp (C) as references. The retention time and the relative intensity of the fragments of the MS2 measurement
using 20 eV for ionization from the reference HED (3’-O-methoxy-eriodictyol) accord to the data from the product
formation of the CHS2 assay using feruloyl-CoA as a substrate. The regioisomer Hesp (4’-O-methoxy-eriodictyol)
gave the same retention time but a distinctly different fragmentation pattern at 20 eV and was not formed in the
assay.
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Appendix B
Supplementary information to Chapter II: Hydroxylation of flavonoids
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Fig. B 1: UHPLC and MS/MS fragmentation patterns of the products of a BM3-GVQ assay using Nar as a
substrate. The signals of the PDA fullscan (FS) were selected using EIC modus for the substrate Nar (18.71 min
(B)), the products ED (14.0 min (D)) and apigenin (19.5 min (A)) which were also fragmented via MS/MS confirm-
ing the references. The flavonoids are fragmented typically by retro-aldol like fragmentation (highlighted in red).
EIC modus for the minor compound luteolin (Signal C (15.2 min)) was also selected, but has no relevance in in-
tensity.
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Fig. B 2: UHPLC and MS/MS fragmentation pattern of the products of a BM3-GVQ assay using phloretin as
a substrate. The signals of the PDA fullscan (FS) were selected using EIC modus for the substrate phloretin (14.4
min (B)) and the hydroxylated product (13.4 min (A)) which were also fragmented via MS/MS. The exact position
of the inserted hydroxyl group was not further localized.
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Fig. B 3: UHPLC and MS/MS fragmentation pattern of the products of a BM3-GVQ assay using Hesp as a
substrate. The signals of the PDA fullscan (FS) were selected using EIC modus for the substrate Hesp (14.8 min
(B)) and the product ED (13.4 min (A)) which were also fragmented via MS/MS confirming the references.
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Fig. B 4: Proposed reaction, UHPLC and MS/MS fragmentation pattern of the products of a BM3-GVQ as-
say using HED as a substrate. The signals of the PDA fullscan (FS) were selected using EIC modus for the sub-
strate HED (19.8 min (A)), the main product 2-OH-HED (14.0 min (C)) and the flavone of HED as a minor product
(14.2 min (C)) which were also studied by MS/MS.
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Fig. B 5: Achiral GC-MS chromatogram and fragmentation pattern of a BM3-GVQ assay using flavanone as
a substrate. The chromatogram shows the unseparated enantiomers of the substrate flavanone (A, rt = 18.6 min),
two diastereomeres of the 3-hydroxylated products (19.0 min (B); 19.3 min (C)), the resulting flavone (20.7 min
(D)) and the mono-hydroxylated flavone (21 min (E)).
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Appendix B
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.l -
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Fig. B 8: SDS-PAGE of the newly designed BM3 variants. The 10 % SDS-PAGE gel shows the crude extract
after cell lysis of the inactive variants BM3-GNVQ (1), BM3-GSVQ (2), BM3-NVQ (3) and BM3-SVQ (4) and the
active variants BM3-GV (5), BM3-VQ (6) and BM3-GVQS (7). All variants show the crucial protein band for the
BM3 enzyme at 119 kDa indicating a successful gene expression. An empty vector was used as a control (C). The
marker (M) was used to identify the molecular weight.
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Fig. B 9: CO difference spectra of BM3- variants based on BM3-F87V for BM3-GV and BM3-VQ, and BM3-
GVQ for BM3-GVQS containing a further mutation A330S, respectively. The typical Soret band at 450 nm is
characteristic for correctly folded P450 enzymes [135]. A similar treated crude extract containing an empty vector
(control) was used as a control.
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Fig. B 10: SDS-PAGE of in vivo biotransformation of Nar in LB/IPTG. The 10 % SDS-PAGE gel shows the
crude extract before induction with IPTG (0), before adding the substrate Nar after 1 h of incubation (1), 1 h after
adding the substrate Nar to the culture (2) and the culture after 14 h of incubation (3). One hour after induction
with IPTG (1) the expected molecular weight of 119 kDa (red framed) of BM3-GVQ is observed indicating the gene
expression and enzyme synthesis. The intensity of this protein band does not increase during longer incubation
time (2,3). A similar treated control was analyzed analogously in similar sequence (4-7) showing no protein band
at the relevant molecular weight during the whole incubation time as expected. The marker (M) was used to identi-
fy the molecular weight.
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Fig. B 11: UV spectrum of references (A) and external calibration curve of relevant products measured at
280 nm (B) within the BM3-GVQ assay. (A) References were diluted with water to a final concentration of
100 uM from a 10 mM stock solution dissolved in DMSO measured on Jasco V-560 UV/Vis spectrometer. (B) Ex-
ternal calibration curves were used to calculate the substrate (Nar) and product concentration (ED, apigenin) of
the in vitro assay analyzed via HPLC.
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Table B 1: BM3 variants with no conversion of Nar and ED after 24 h in vivo biotransformation.

A328I F87A/A328I F871/A328I F87V/IA328I F87L/A328I
F87A A328L F87A/A328L | F871/A328L F87VIA328L | F87L/A328L
F871 A328V F87A/A328V | F871/A328V | F87V/A328V | F87L/A328V
F87L A328F F87A/A328F | F871/A328F F87VIA328F | F87L/A328F
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Appendix C

Supplementary information to Chapter lll: Methylation of ED — the final step of HED biosyn-
thesis

kDa_ M 0 1 2 3 456
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35
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Fig. C 1: SDS-PAGE of the purification of PFOMT. The 14 % SDS-PAGE gel shows the steps of purification
after cell lysis of the crude extract (0): the flow-through (1), washing steps (2, 3) and the elution of PFOMT
(27 kDa) (4 — 6). The marker (M) was used to identify the molecular weight.
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Fig. C 2: SDS-PAGE of the purification of AtTSM1. The 14 % SDS-PAGE gel shows the culture before induc-
tion (0) and steps of purification after cell lysis of the crude extract (1): the flow-through (2), washing steps (3, 4)
and the elution of AtTSM1 (26 kDa) (4 — 8). The marker (M) was used to identify the molecular weight.
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AtTSM1 1 MDGRLPDKGILKSEALKQYIMETTAYPREHELLKELREATIQRYGNLSEMGVPVDESLFEL
PEFOMT 1 ———-- GLLOSEELCQYILRTSVYPREAGFLKELREANESHPD--SYMSTSPLAGQLM

AtTSM1 61 SMLVKIINAKNTIEIGVETGYSLFTVALALPEDGRITAIDIDQAGYNLGLEFMKKAGVDH
PEFOMT 51 SFVLKLVNAKKTIEVGVEFTGYSLLLTALSIPDDGKITAIDEDREAYEIGLPFIRKAGVEH

AtTSM1 121 KINFIQSDAVRGLDQLLNGEKQE--YDFAFVDADKTNYVYFLEKLLKLVKVGGIIAFDNT
PFOMT 111 KINFIESDAMLALDNLLQGQESEGSYDFGEFVDADKPNYIKYHERLMKLVKVGGIVAYDNT

AtTSM 179 LWEGTLIQKENEVPGHMRAYREALLEFNKILARDPRVEIAQISIGDGLTLCRRLIXX
PFOMT 171 LWGGTVAQPESEVPDFMKENREAVIELNKLLAADPRIEIVHLPLGDGITFCRRLYXX

Fig. C 3: Sequence alignment of PFOMT and AtTSML1. The crucial aa with potential influence for the (non-) ac-
ceptance of the sp>-hybrised flavonoids are highlighted (cyan).
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Fig. C 4: HPLC Chromatogram of a product mixture of a standard PFOMT assay using 1,5-dicaffeoylquinic
acid as a substrate after 600 min incubation. The chromatogram exemplifies the distribution of the products for
the substrates consisting of two catechol groups: 1) the substrate — 4.4 % (Ret. time: 6,683), 2) first single methyl-
ated intermediate — 11.8 % (Ret. time: 7.9), 3) second single methylated intermediate — 69.6 % (Ret. time: 8.1)
and 4) the double methylated end-product — 14.2 % (Ret. time: 8.5).
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Fig. C 5: UHPLC and MS/MS fragmentation pattern of the products of the PFOMT assay using 1,5-
dicaffeoylquinic acid as a substrate. EIC negative modus and the fragmentation by MS/MS were used to verify
the masses and localization of the methyl group of the products within the PFOMT assay detected in the HPLC
run: the substrate 1,5 dicaffeoylquinic acid (11.5 min, 515 m/z), the single methylated intermediates (13.0 min, 529
m/z) and (13.2 min, 529 m/z) and the double methylated end product (15.9 min, 543 m/z) were identified. The sin-
gle methylated intermediates are similar in their fragmentation patterns and could not be distinguished.
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