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Summary

Summary

In this work, novel enzyme cascades for the synthesis of polymer building blocks
12-oxododecenoic acid and 12-aminododecenoic acid were developed starting from linoleic acid
or safflower oil. For this purpose, one soybean lipoxygenase (LOX), four plant hyroperoxide lyases
(HPLs) and seven bacterial w-transaminases (w-TAs) were cloned, expressed in Escherichia coli

and characterized.

13(S)-specific lipoxygenase LOX-1 from Glycine max (soybean), which catalyzes the
hydroperoxidation of linoleic acid to 13(S)-hydroperoxyoctadecadienoic acid (13(S)-HPODE) was
successfully cloned, expressed in E. coli and purified. An activity of 4.2 U-mg-! in the soluble
fraction and 150.3 U-mg-! after affinity chromatography purification was achieved. Four plant-
derived HPLs with 13(S)-specificity were selected from literature and databank searches. The
synthetic genes were cloned, expressed and the corresponding proteins were analyzed. Since
activity of the full-length HPLs was low, the hydrophobic, unconserved N-terminus were removed.
In addition, NusAHPL fusion proteins were constructed. The specific activities of all HPLs were
increased significantly. Truncated HPLcp.y from Carica papaya (papaya) showed highest activity
with 0.85 U-mg-! in the soluble fraction and was hence selected for further experiments. A rapid
cleavage of linoleic acid hydroperoxide to 12-ox0-9(Z)-dodecenoic acid and hexanal was
demonstrated for HPLcp.n by gas chromatography. The isomerization of 12-0x0-9(Z)-dodecenoic
acid to 12-oxo-10(E)-dodecenoic acid (traumatin) could be reduced by utilization of purified HPL
instead of the soluble fraction. Furthermore, seven bacterial w-TAs were actively expressed and
affinity-purified. A coupled photometric assay with lactate dehydrogenase and NADH was
developed, demonstrating activity of all enzymes towards hexanal, 12-0x0-9(Z)-dodecenoic acid
and 12-ox0-10(E)-dodecenoic acid. w-TA from Aquitalea denitrificans (TRap) showed the highest
activity with 1.17 U-mg-! on hexanal, 0.62 U-mg-! on the 9(Z) isomer and 0.52 U-mg-! on the 10(E)
isomer. In addition, mass spectrometric analysis demonstrated the formation of 12-

aminododecenoic acid and hexylamine as transamination products of the oxo acid and hexanal.

One-potreactions were carried out in small scale for the synthesis of 12-0x0-9(Z)-dodecenoic acid
with Pseudomonas fluorescens lipase, LOX-1 and HPLcp.y starting from linoleic acid-rich safflower
oil. Ayield of 43 % 12-0x0-9(Z)-dodecenoic acid was achieved. In addition, one-pot reactions were
conducted for the synthesis of 12-aminododecenoic acid using LOX-1, HPLcp.n and TRap with
linoleic acid as substrate. A yield of 12 % of 12-aminododecenoic acid was reached. To our
knowledge, in this work, the enzymes of the oxylipin pathway were coupled for the first time with
a w-TA for the synthesis of the nylon-12 monomer 12-aminododecenoic acid. This provides a new

route for obtaining nylon-12 from Cig-rich plant oils.
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Zusammenfassung

Zusammenfassung

In dieser Arbeit wurden neue Enzymkaskaden fiir die Synthese der Polymervorstufen
12-Oxododecensdure und 12-Aminododecensdure aus Linolsdure bzw. Disteldl entwickelt.
Hierflir wurden eine Sojabohnen-Lipoxygenase (LOX), vier pflanzliche Hyroperoxidlyasen (HPLs)
und sieben bakterielle w-Transaminasen (w-TAs) Kloniert, in Escherichia coli exprimiert und

charakterisiert.

Die 13(S)-spezifische Lipoxygenase LOX-1 aus Glycinemax (Sojabohne), die die
Hydroperoxidierung von Linolsdaure zu 13(S)-Hydroperoxyoctadecadiensaure (13(S)-HPODE)
katalysiert, wurde erfolgreich kloniert, in E. coli exprimiert und aufgereinigt. Es wurde eine
Aktivitat von 4,2 U-mg-! in der l6slichen Fraktion und 150,3 U-mg! nach Reinigung mit einer
Affinitatschromatographie erreicht. Vier pflanzliche 13(S)-spezifische HPLs wurden mithilfe einer
Literatur- und Datenbanksuche ausgewahlt. Die synthetischen Gene wurden kloniert, exprimiert
und die entsprechenden Proteine analysiert. Da die Aktivitat der Wildtyp-HPLs in voller Lange
gering war, wurden die hydrophoben, nicht-konservierten N-terminalen Sequenzen entfernt.
Dartber hinaus wurden NusAHPL-Fusionsproteine konstruiert. Dadurch konnte die spezifische
Aktivitat aller HPLs signifikant erhoht werden. Die N-terminal deletierte HPLcp.n aus Carica
papaya (Papaya) zeigte mit 0,85 U-mg-! in der l6slichen Fraktion die hochste Aktivitit und wurde
daher fiir weitere Versuche ausgewahlt. Eine schnelle Spaltung des Linolsdurehydroperoxids zu
12-0x0-9(Z)-Dodecensdure und Hexanal wurde fiir HPLcpn mittels Gaschromatographie
nachgewiesen. Die Isomerisierung von 12-0Ox0-9(Z)-dodecensdure zu 12-Oxo0-10(E)-
dodecensdure (Traumatin) konnte durch die Verwendung von gereinigtem HPL anstelle der
l6slichen Fraktion deutlich reduziert werden. Dariiber hinaus wurden sieben bakterielle w-TAs
aktiv exprimiert und mit Affinitidtschromatographie aufgereinigt. Es wurde ein gekoppelter
photometrischer Assay mit einer Laktatdehydrogenase und NADH entwickelt, der die Aktivitat
aller Enzyme gegeniiber Hexanal, 12-0x0-9(Z)-Dodecensdure und 12-0xo0-10(E)-Dodecenséaure
nachwies. Die w-TA aus Aquitalea denitrificans (TRap) zeigte die hochste Aktivitat mit 1,17 U-mg-1
gegeniiber Hexanal, 0,62 U-mg-! gegeniiber dem 9(Z)-Isomer und 0,52 U-mg-! gegeniiber dem
10(E)-Isomer. Zusatzlich wurde die Bildung von 12-Aminododecensdure und Hexylamin als
Transaminationsprodukte der Oxosduren und Hexanal durch Massenspektrometrische Analysen

nachgewiesen.

Des Weiteren wurden Eintopfreaktionen im kleinen Mafistab fiir die Synthese von
12-0x0-9(Z)-dodecensdure mit einer Pseudomonas fluorescens Lipase, LOX-1 und HPLcp.x aus
linolsdurereichem Distel6l durchgefithrt. Hierbei konnte eine Ausbeute von 43 %
12-0x0-9(Z)-Dodecensdure erzielt werden. AufRerdem wurden Eintopfreaktionen zur Synthese

von 12-Aminododecensiure mit LOX-1, HPLcp.x und TRap aus Linolsdure durchgefiihrt, wobei eine
2
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Ausbeute von 12 % 12-Aminododecensdure erreicht wurde. Unseres Wissens nach wurden in
dieser Arbeit die Enzyme des Oxylipinwegs das erste Mal mit einer w-TA zur Synthese des
Nylon-12 Monomers 12-Aminododecensiure gekoppelt. Dies er6ffnet einen neuen Weg zur

Gewinnung von Nylon-12 aus Cig-reichen Pflanzendlen.
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1. Introduction

1.1. Scope of the thesis

In 2020, around 367 million tons of plastics were produced worldwide [1], the majority of which
were synthesized through energy-intensive chemical routes using petroleum-derived naphtha. In
contrast, biopolymers are a more sustainable alternative, as they are mostly produced
biotechnologically from renewable raw materials such as vegetable oil, cellulose or starch, and in
many cases are more biodegradable [2]. Although the use of microorganisms and enzymes for the
synthesis of a wide variety of products such as pharmaceuticals and fine chemicals is gaining
importance [3, 4], only 2% of all polymers were biobased in 2018 [5]. An increase in the
proportion of biotechnologically produced polymers is expected, as they are synthesized under
mild conditions such as low temperature and without the use of toxic chemicals [6]. Another
advantage of using microorganisms and enzymes is the suppression of unwanted by-products,
which facilitates product processing. Furthermore, due to the higher chemo- and regioselectivity,
fewer reaction steps are often required compared to chemical processing [6, 7]. Important
bio-based polymers are polyhydroxyalkanoates (PHA), polylactic acid (PLA),
polyhydroxybutyrate (PHB), polyurethanes and polyamides [6, 8].

Polyamides are linear polymers with repeating amide bonds. Medium- to long-chain polyamides
such as nylon-11 or nylon-12 are highly resistant to UV, chemicals and temperature. They find
application as specialty polymers in the automotive industry or electronic industry [9].
Traditionally, the production of nylon-12 is based on petroleum-derived butadiene and upon
trimerization, cyclododecane oxime synthesis and Beckmann rearrangement, w-laurolactam is
formed. Finally, nylon-12 is obtained by ring opening polymerization of the laurolactam [10, 11].
For 2026 the global market for polyamides is expected to reach a value of $38 billion, making

biobased polyamide production a rewarding target [12].

To circumvent the use of fossil resources, several processes for the production of biobased nylon
precursors have been developed in recent years. For the synthesis of 11-aminoundecanoic acid,
an enzyme cascade including alcohol dehydrogenase (ADH), Baeyer-Villiger monooxygenase
(BVMO), esterase and w-transaminase (w-TA) was developed starting from 12-hydroxystearic
acid [13]. In another approach, 12-aminododecanoic acid methyl ester was synthesized from
methyl laurate using a whole-cell biocatalyst for expression of an alkane monooxygenase and a
w-TA [14]. This process was further improved by implementation of an alanine regeneration
system to supply cosubstrates and thereby increasing 12-aminododecanoic acid methyl ester

synthesis [11, 15].
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Although this biocatalytic process reveals an interesting route to nylon-12, the use of methyl
laurate is problematic. Biobased lauric acid can only be obtained from the oils of coconut palms
and oil palms, which are growing in wet tropical climate zones. An increased use of these tropical
oils would raise up the issue of deforestation of pristine rainforests to gain additional land for
palm cultivation [16, 17]. Thus, the scope of this thesis was the development of a more sustainable
process for the synthesis of nylon-12, based on linoleic acid-rich vegetable oils, which grow in

temperature to subtropical climate zones (Fig. 1).
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Fig. 1 Reaction scheme of the enzyme cascade for the synthesis of 12-aminododecenoic acid and
hexylamine starting from safflower oil using a lipase, a lipoxygenase (LOX), a hydroperoxide lyase
(HPL) and a w-transaminase (w-TA).

This thesis is part of the BMBF-funded project Linopol, which covered the development of
chemical and enzymatic routes to nylon-12 precursors. Starting from safflower oil, an enzymatic
cascade was proposed via lipase catalyzed triglyceride hydrolysis, lipoxygenase (LOX) mediated

hydroperoxidation, followed by hydroperoxide lyase (HPL) cleavage and finally transamination
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of the resulting aldehydes with a w-transaminase (w-TA). Valentin Gala Marti, who was also
involved in the project, optimized the lipase hydrolysis and LOX hydroperoxidation with
commercially available enzymes in his doctoral thesis. The topic of this thesis was the cloning,
microbial expression and purification of soybean LOX-1, plant-derived HPLs and microbial w-TAs.
The enzymes were screened for activity, the reaction conditions were optimized and finally, the

enzymes were coupled in cascade reactions.

1.2. The lipoxygenase pathway

Plants are exposed to numerous environmental changes and must adapt quickly to survive. In this
regard, lipid-derived oxylipins play an important role in plant development, growth and defense
[18]. Many of these compounds are metabolized via the lipoxygenase pathway, which comprises
the transformation of polyunsaturated fatty acids (PUFAs) by several enzymes. After hydrolysis
of a triglyceride containing linoleic or a-linolenic acid, a lipoxygenase (LOX) catalyzes the
hydroperoxidation of linoleic and a-linolenic acid to the corresponding 9(S)- or
13(S)-hydroperoxide (9(S)- or 13(S)-HPODE/ HPOTE). Subsequently, different enzymes catalyze
their further transformation, including allene oxide synthase (AOS), hydroperoxide lyase (HPL),
epoxyalcohol synthase (EAS), divinyl ether synthase (DES), peroxygenase (POX), lipoxygenase
(LOX) and reductase [19] (Fig. 2).

AOS synthesizes unstable allene oxides, which are further converted into the plant hormone
jasmonic acid and its derivatives. These metabolites are important molecules for plant
development and response to biotic and abiotic stress [20-22]. HPL catalyzes the lysis of the fatty
acid hydroperoxide into an oxoacid and a volatile aldehyde. These aldehydes, also known as green
leaf volatiles (GLVs) obtain a “fresh green” scent of plants and act as signaling molecules, which
induce cell defense in itself and surrounding plants after herbivore attack. Additionally, they
exhibit antimicrobial and antifungal activity [23-25]. The Ci2 oxoacid 12-0x0-9(Z)-dodecenoic
acid is further isomerized to 12-oxo0-10(E)-dodecenoic acid, also known as traumatin. Traumatin
acts as a plant wound hormone and growth promoter [26]. DES synthesizes divinyl ethers such as
colnelenic and colneleic acid, which possess antimicrobial activity [27]. POX and EAS catalyze the
synthesis of epoxy hydroxy polyunsaturated fatty acids, which exhibit antifungal properties [28,
29]. The products formed by EAS are regiochemically identical to those of POX, but differ in terms
of their stereochemistry [19]. In addition, a reductase can form hydroxy PUFAs and LOX can

further convert fatty acid hydroperoxides into keto derivatives [19, 30].
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Fig. 2 The lipoxygenase (LOX) pathway in plants. LOX catalyzes the hydroperoxidation of linoleic
acid/ a-linolenic acid to the hydroperoxides 9(S)- or 13(S)-HPODE/ HPOTE. The hydroperoxides
can be further metabolized with an allene oxide synthase (AOS), a hydroperoxide lyase (HPL), a
divinyl ether synthase (DES), an epoxyalcohol synthase (EAS), a peroxygenase (POX) and a
lipoxygenase (LOX) (figure adapted and modified from [19]).

1.3. Enzyme sources, properties, structure and function

1.3.1. Lipoxygenases

Lipoxygenases (EC 1.13.11.X) are non-heme iron- or manganese-containing dioxygenases that
catalyze the regio- and stereospecific oxygenation of polyunsaturated fatty acids, yielding
conjugated unsaturated fatty acid hydroperoxides [31]. They are widely distributed in plants, as
well as in animals, fungi and bacteria [32-34]. Known LOXs accept PUFAs such as arachidonic acid,
linoleic acid, a-linolenic acid, eicosapentaenoic acid or docosahexaenoic acid as substrates and are
able to catalyze peroxidation at positions 5-15 of the substrate carbon chain [35-38]. Accordingly,
they are termed 5-LOX, 8-LOX and so on based on their preferred oxygenation site [39]. Plant LOXs
exhibit a limited natural substrate spectrum comprising linoleic acid and a-linolenic acid and
catalyze hydroperoxidation at position 9 or 13. Consequently, they are termed 9-LOX and 13-LOX
[35].

In addition, LOXs can be classified into type-1 LOX and type-2 LOX based on their sequence
similarities. Type-1 LOXs are mainly located outside the plastids and have a high sequence
similarity to each other (>75 %), whereas type-2 LOXs have a plastidial transit peptide and are

therefore mainly found in chloroplasts. They have a sequence similarity of about 35 % [40].
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Besides the common iron-containing LOXs, enzymes binding manganese in the active site have
been detected in some fungi and are termed MnLOXs [41-43]. Additionally, fusion LOXs, which
have a dual catalytic function as LOX-AOS or LOX-HPL were identified in some corals and
cyanobacteria [44, 45]. Mini LOXs have been found in some cyanobacteria and are significantly
shorter than normal LOXs, but exhibit full functionality [46-48]. Often, there are multiple LOX
isoforms in a species that differ in terms of pH optimum, substrate preference and regiospecificity
[49]. Glycine max (soybean), for example, has at least eight isozymes, three of which are located in

the seeds and five in the vegetative tissues [50].

Plant LOXs are monomeric proteins that contain two domains and have a molar mass of
94-100 kDa [51] (Fig.3a). The smaller N-terminal B-barrel domain, known as the PLAT
(Polycystin-1, Lipoxygenase, Alpha-Toxin) domain of 25-50 kDa has a membrane binding site
[52,53]. The larger C-terminal domain, consisting mainly of a-helices and coils, is around
55-65 kDa in size and contains the active site with a bound iron atom as cofactor inside the
substrate binding pocket [53, 54]. In plant LOXs, iron is coordinated in an octahedral form by three
histidines, an amino group of e.g. asparagine, a carboxyl group of mostly isoleucine and a water
molecule (Fig. 3b) [53, 55]. In mammalian LOXs, the iron cation is coordinated by four histidines,
a carboxyl group of isoleucine and a water molecule [40]. When a PUFA binds the LOX in the

binding pocket, the water molecule is replaced by the fatty acid [56].

Fig. 3 Crystal structure (a) and active site (b) of lipoxygenase LOX-1 from G. max (PDB: 1YGE)
[53]. (@) The N-terminal domain is colored turquoise, the bound iron is colored orange and the
C-terminal domain is colored blue. (b) The active site with the iron (orange ball) is coordinated in
an octahedral form by His499, His504, His690, Asn694, 11e839 and a water molecule. The protein
images were drawn with UCSF ChimeraX [57].

The reaction mechanism of lipoxygenases consists of four reaction steps as outlined in Fig. 4 [54].

In its inactive form, the LOX-bound iron is present as Fe2+ and is activated by oxidation to Fe3+,
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presumably due to traces of fatty acid hydroperoxides. In its activated form, Fe3+ can bind the
PUFA substrate. Then, in the first reaction step, the hydrogen is abstracted from the methyl group
of the carbon between the cis-cis bond of the PUFA and Fe3+ is reduced to Fe2+. Next, the radical
electron is shifted either towards the carboxyl or methyl end of the PUFA and a radical
rearrangement occurs. In the third step, oxygen is inserted antarafacially and a hydroperoxy
radical is formed. Finally, the hydroperoxy radical is reduced by Fe2* to its anion, while the iron is
reoxidized to Fe3* and is ready for another catalytic cycle [54, 58]. Starting from linoleic acid as
substrate, either 13(S)-hydroperoxyoctadecadienoic acid (13(S)-HPODE) or
9(S)-hydroperoxyoctadecadienoic acid (9(S)-HPODE) are formed, whereas
13(S)-hydroperoxyoctadecatrienoic acid (13(S)-HPOTE) or 9(S)-hydroperoxyoctadecatrienoic

acid (9(S)-HPOTE) are the products from a-linolenic acid transformation.
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Fig. 4 Reaction mechanism of lipoxygenases consisting of (1) hydrogen abstraction, (2) radical
rearrangement, (3) oxygen incorporation and (4) reduction of the hydroperoxy radical (figure
adapted and modified from [54]).

LOX enzymes can be obtained either from plant seeds and tissues or by recombinant expression
in microbial hosts. Soybean flour has a relatively high lipoxygenase content, which, combined with

its easy access and low costs, makes it a suitable source of lipoxygenase [59, 60]. However,
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soybeans possess many different isozymes with varying regioselectivity leading to simultaneous
formation of the 9(S)-HPODE or 13(S)-HPODE regioisomers. Hence, separation and purification
processes are required to obtain pure isozyme for regiospecific product synthesis [61, 62]. Several
purification steps such as ammonium sulfate precipitation, ion-exchange and size-exclusion

chromatography can be applied to obtain pure LOX enzyme from plant material [63, 64].

However, since multi-step purification of plant-based LOXs is tedious, heterologous expression of
lipoxygenases in a microbial expression system may be advantageous. In recent years, several
lipoxygenases have been heterologously expressed in bacteria (e.g. Escherichia coli), yeasts
(e.g. Pichia pastoris or Saccharomyces cerevisiae) or other fungi (e.g. Aspergillus nidulans) [65-67].
Furthermore, heterologously expressed LOXs were purified with chromatography systems, either
by ion-exchange and size-exclusion chromatography or by simple one-step affinity
chromatography [46, 65, 68]. Various attempts were made to improve the yield of active enzyme
from expression, such as lowering the cultivation temperature to 8-20 °C or by adding low amount
of ethanol as an elicitor for heat-shock proteins, which are known to promote proper protein
folding [65, 69, 70]. In addition, extracellular enzyme secretion was performed by adding signal
peptides for the expression of Pseudomonas aeruginosa LOX in E. coli or of Gaeumannomyces

graminis MnLOX in P. pastoris [71, 72].

1.3.2. Hydroperoxide lyases

Hydroperoxide lyases (HPLs) are heme- and iron-binding P450 cytochrome enzymes of the CYP74
family of enzymes [73]. Despite their name, hydroperoxide lyases were re-classified as isomerases
[74]. They catalyze the isomerization of LOX-derived HPODEs and HPOTEs into a hemiacetal that
is spontaneously decomposed into an aldehyde and an oxoacid [74]. HPLs are divided into the
subgroups CYP74B comprising 13-HPLs and CYP74C comprising both 9-HPLs and 9/13-HPLs. The
enzymes are categorized according to the regiospecificity of substrate recognition, e.g. 13-HPL
accept 13-HPODE and 13-HPOTE [75-78]. Other enzymes of the CYP74 family include allene oxide
synthases, divinyl ether synthases and epoxy alcohol synthases [79, 80]. Unlike other cytochrome
P450 proteins, the members of the CYP74 family do not require molecular oxygen or

NADH/NADPH for their catalytic activity [81, 82].

The reaction mechanism of HPLs, proposed by Grechkin et al., is shown exemplarily for a 13-HPL
in Fig. 5. In the first reaction step, the hydroperoxide is cleaved and an epoxy radical is formed,
while the hydroxyl radical binds the iron and a ferryl-hydroxo complex is formed. The epoxy
radical is cleaved at the oxirane C-C-bond and rebinds the hydroxyl radical, forming a hemiacetal
and reducing iron back to Fe3+. The unstable, short-lived hemiacetal spontaneously dissociates to

a Ce aldehyde (hexanal or 3(Z)-hexenal) and a Ci» enol. The enol is further converted to
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12-0x0-9(Z)-dodecenoic acid and the isomer 12-0x0-10(E)-dodecenoic acid (traumatin) is formed
as a side product by shifting the conjugated double bond system. Some traumatin was also
supposed to be formed directly from the enol [74]. Similarly, the hemiacetal spontaneously
dissociates into a Cy aldehyde (nonanal or 3(Z)-nonenal) and a Co oxoacid (9-oxononanoic acid)

when 9(S)-HPODE or 9(S)-HPOTE was the substrate [83].

"
¢/ o
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Fig. 5 Reaction mechanism of HPL catalysis on the example of 13(S)-HPODE. A hemiacetal is
formed after cleavage of 13(S)-HPODE at the 0-O-bond. The hemiacetal is decomposed to hexanal
and a Cq2 enol that is further converted to 12-0x0-9(Z)-dodecenoic acid. 12-0xo0-10(E)-dodecenoic
acid (traumatin) is either formed through isomerization of 12-ox0-9(Z)-dodecenoic acid or
directly from the Ci2 enol (figure adapted and modified from [74]).

HPLs are hydrophobic enzymes of around 55-72 kDa [39]. Analyses revealed that the enzymes
occur either as tetramers, e.g. shown for guava or sunflower HPL [84, 85], or as trimers in the case
of green bell pepper HPL [86]. In their active site, HPLs obtain a heme type b that binds an iron
[87]. To date, no crystal structure of a HPL has been published. However, two crystal structures
of the CYP74-member AOS have been solved for Parthenium argentatum AOS and
Arabidopsis thaliana AOS (Fig. 6a) [88, 89]. Since HPL and AOS share high sequence homology,
these tertiary structures may serve as structural models for HPL structure. A putative model of

papaya HPL was constructed based on the AOS crystal structure of A. thaliana (PDB number: 3CLI)
using the Swiss-model program [90] (Fig. 6b; template-model alignment in appendix, Fig. A2).
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Since the unconserved N-terminal sequences of HPLs and AOSs are highly variable, the HPL model
did not forecast the N-terminal region (as shown for AOS in blue). In accordance to other P450
enzymes, the iron-coordinating heme in AOS is located between two helices. It is likely that this is
similar for HPLs, although it was not observed in the model enzyme. Interestingly, an amino acid
substitution of phenylalanine at position 137 to leucine of A. thaliana AOS resulted in a variant
with HPL activity [89]. Phenylalanine was found to be highly conserved at this position in AOSs
with its aromatic site in proximity to the bound substrate. It was suggested that it is important for
the stabilization of the epoxide radical intermediate, leading to the formation of an allene oxide.
In contrast, HPLs contain a conserved leucine at this position, which cannot stabilize the radical
intermediate, leading to electron rearrangement and formation of an unstable hemiacetal. In
addition, replacement of the highly conserved serine (Ser155), which is also located near the
substrate pocket, with an alanine increased HPL activity [89]. Similarly, single amino acid
substitutions at these positions of AOSs from Oryza sativa and Lycopersicon esculentum resulted

in a change in activity to a HPL [89, 91].

Fig. 6 Crystal structure of (a) allene oxide synthase (AOS) from A. thaliana (PDB: 3CLI) [89] and
(b) Swiss-model [90] of putative papaya hydroperoxide lyase HPLcp, based on A. thaliana AOS
sequence (template-model alignment in Fig. A2). The N-terminal sequence in AOS is colored in
blue and due to high unconserved amino acids, cannot be seen in the HPLcp Swiss-model. The
heme in the AOS is colored in red and the iron is colored in orange. The protein images were drawn
with UCSF ChimeraX [57].

HPLs are widely distributed and are found in both higher and lower plants such as mosses
[78,92,93]. While 13-HPLs are mainly found in leaves and green tissues, 9/13-HPLs have also
been identified in roots [94]. The hydrophobic HPLs are most likely membrane-bound and

localized in chloroplasts, microsomes and some were even found in lipid bodies [75, 95, 96]. A
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N-terminal chloroplast transit peptide sequence has been identified in HPLs from A. thaliana and
Olea europaea (olive), whereas HPLs from L. esculentum (tomato) and Medicago sativa (alfalfa) do

not exhibit this sequence [97-99].

HPLs can be extracted and purified from plant tissue [100, 101]. However, unlike LOXs, HPLs are
not expressed in high quantities in plants, resulting in low yields. In addition, the availability of
plant material depends on seasons and changing agricultural conditions [39, 102]. Due to these
problems, heterologous expression became the method of choice and several HPLs have been
successfully expressed for enzyme characterization and fragrance production [103-106].
Different expression strains were used such as bacteria (e.g. E. coli) [107], yeasts (e.g. P. pastoris
or Yarrowia lipolytica) [108, 109] and plant cells (e.g. Nicotiana tabacum) [110]. Still it remains
difficult to obtain soluble and active enzyme. The addition of salt in high concentration, glycine or
glycerol has been shown to improve enzyme stability and activity [107, 111-113]. Since most
HPLs are membrane associated, they need to be solubilized. This has often been achieved by the
addition of detergents such as Triton X-100, emulphogene or polyvinylpolypyrrolidone [84, 114,
115]. Another approach to improve the solubility of HPLs was sequence modification either by
abstraction of the hydrophobic, unconserved N-terminal sequence, by coupling HPL to a fusion
protein or by directed evolution [84, 97, 103]. The hydrophobic N-terminal sequence of HPLs is
about 20 to 30 amino acids in length and shows no homology between the HPL homologs. In
A. thaliana HPL, this sequence was considered to be a plastidic transit sequence, whereas in other
HPLs, this sequence was designated as part of a pro-enzyme within a post-translational regulation
mechanism [97]. After deletion of the unconserved N-terminus in different HPLs, activity
increased significantly [84, 97, 103]. Brithlmann et al. (2013) engineered an improved guava HPL
by N-terminal deletion, fusion with the fusion protein MBP (maltose binding protein) and directed
evolution. The randomly mutated HPL reached a 15-fold higher product yield factor compared to
the MBP-HPL fusion protein [103].

1.3.3. Transaminases

Transaminases (EC 2.6.1.X) are pyridoxal-5-phosphate (PLP)-dependent enzymes catalyzing the
transfer of an amino group from a primary amine (amine donor) to an aldehyde, ketone or a-keto
acid (amine acceptor) [116]. Transaminases are ubiquitous distributed in all organisms where
they play key roles in metabolic pathways [117]. They were first described in the 1930s [118,119]
and were, for example, shown to be essential for amino acid and nitrogen metabolism, where they

transfer amino groups among amino and keto acids [117].

Transaminases are divided into a-amino acid aminotransferases (a-AATs) and w-amino acid

transferases, hereafter referred to as w-transaminases (w-TAs). a-AATs require the presence of a
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carboxylic group in the a-position to the amine/ ketone for transamination, whereas the
carboxylic group can be more distal to the amine/ ketone for w-TAs [117, 120]. Some w-TAs are
also capable of transaminating amine/ keto substrates that lack the carboxylate function. They
are referred to as amine transaminases (ATAs) and are of great interest for industrial and
pharmaceutical applications for the synthesis of chiral amines [121, 122]. ATAs in turn are divided
into (S)-selective amine transaminases ((S)-ATAs) and (R)-selective amine transaminases
((R)-ATA) [123]. (S)-ATAs catalyze the (S)-selective transamination and many representatives
have been identified and characterized in recent years, including, for example, (S)-ATA from
Chromobacterium violaceum, Paracoccus denitrificans and Vibrio fluvalis [124-126]. (R)-ATAs
catalyze the (R)-selective transamination and are less common than (S)-ATAs [123]. The first
(R)-ATA was discovered in Arthrobacter sp. KNK168 in 2006 [127]. Other examples were
identified, for example, in Aspergillus fumigatus and Aspergillus terreus [128, 129]. Hohne et al.
identified key motifs for the enantioselectivity and substrate preferences, allowing in silico

prediction of (R)-ATAs. In this way, 17 (R)-ATAs were identified [121].

Besides the division into a-AATs and w-TAs, transaminases can be classified into six classes based
on their amino acid sequences [119, 123]. In addition, transaminases can be categorized based on
their structure. PLP-dependent enzymes that not only comprise transaminases but also enzyme
classes such as lyases or racemaces can be classified into seven structurally distant fold types
[130, 131]. Herein, transaminases are only found in fold types I and IV. Fold type I comprises class
[ and Il TAs (aspartate and aromatic a-AATSs), class III TAs (w-TAs including (S)-ATAs) and class
V TAs (phosphoserine a-AATSs). Fold type IV transaminases covers class IV TAs (branched chain
a-AATs, D-amino acid transaminases and w-TAs including (R)-ATAs,) and class VI TAs (sugar

a-AATSs) [119, 132].

The crystal structures of several transaminases have been solved in recent years [124, 125, 128,
129], highlighting that TAs of both fold types are homodimers. Each monomer has a small and a
large domain with the active site in their interface [129]. Fig. 7 shows the crystal structures of the
two folding types exemplified by the (S)-ATA from C. violaceum (fold type 1) and (R)-ATA from
A. terreus (fold type IV). The two folding types differ in their active site, with folding type I and
folding type IV transaminases being like mirror images of each other, leading to either (S)- or

(R)-enantioselectivity [129].
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Fig. 7 Crystal structures of the two fold type transaminases with (a) homodimer from C. violaceum
transaminase (PDB: 4A6T) [125] as a fold type I (S§)-ATA and (b) homodimer from A. terreus
transaminase (PDB: 4CE5) [128] as a fold type IV (R)-ATA. The different chains of the homodimers
are colored in blue and in turquoise. Pyridoxal-5-phosphate is colored in red. The protein images
were drawn with UCSF ChimeraX [57].

w-Transaminases harbor a PLP cofactor that functions as a molecular shuttle of the amine group
[133]. The reaction mechanism is a so called “ping-pong bi-bi reaction mechanism” and can be
divided into two part: the transfer of the amino group from an amine donor to pyridoxal
5’-phosphate, forming pyridoxamine 5’-phosphate (PMP) and the transfer of the amino group
from PMP to the amine acceptor forming PLP again (Fig. 8) [134]. In the active site of w-TAs, PLP
is bound to the enzyme via the amino group of the catalytic lysine, forming a Schiff’ base. When an
amine donor (e.g. alanine) is added, a nucleophilic attack of the amino group at the C4’ of PLP
occurs and the amine donor replaces the catalytic lysine, resulting in an external aldimine. The
proton at the Ca atom is abstracted by the catalytic lysine, forming a ketimine. Subsequently, the
ketimine is hydrolyzed, resulting in the release of a deaminated carbonyl product (e.g. pyruvate)
and PMP. In the second half of the reaction, PMP is regenerated to PLP, while the amine acceptor
(e.g. acetophenone) is aminated, resulting in an aminated product (e.g. (S)-phenylethylamine)

[132, 135, 136].
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Fig. 8 Reaction mechanism of w-TA catalysis. First, an amino group displaces the bound catalytic
lysine and binds pyridoxal 5’-phosphate (PLP), forming an external aldimine. The lysine abstracts
a proton from the Ca atom of PLP and a ketimine is formed. The carbonyl product is released and
pyridoxamine 5’-phosphate (PMP) is formed. Subsequently, an amine acceptor binds PMP and the
reactions are performed similarly. Blue: amine donor with respective product, green: amine
acceptor with respective product. The circled “P“ represents a phosphate group (figure adapted

and modified from [136]).

Transaminases possess an active site with a large (L) and a small (S) binding pocket and a catalytic
lysine in between [126, 128, 129, 137]. Enantiomeric selectivity is governed by the binding
pockets and the position of the catalytic lysine relative to the PLP (Fig. 9). In (R)-ATAs and other
fold type IV transaminases, the catalytic lysine is located on the re-face of the PLP, forming an (R)-
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enantiomer. In (§)-ATAs and other fold type I transaminases, the catalytic lysine is located on the

si-face of the PLP, leading to an (S)-enantiomer [128, 138].

(S)-selective ATA (R)-selective ATA

Fig. 9 Two-binding site model of (S)- and (R)-selective ATAs. The active site of transaminases has
a large (L) and a small (S) binding pocket in which the large substituent (R.) and the small
substituent (Rs) can bind. (S)-selective ATAs (left) are transaminases of the PLP fold class I,
whereas (R)-selective ATAs (right) are transaminases of the PLP fold class IV (figure adapted and
modified from [121]).

Chiral amines can be synthesized either by kinetic resolution or by asymmetric synthesis [139].
In kinetic resolution, a stereoselective w-TA catalyzes the conversion of one amine enantiomer
from a racemic mixture to its corresponding ketone. The non-transformed amine enantiomer can
then be isolated in good enantiomeric excess. This is an efficient method for the synthesis of
enantio-pure amines, however, the yield is limited to a maximum of 50 % [140]. In contrast, a
theoretical yield of 100 % can be obtained in asymmetric synthesis starting from a non-chiral
ketone substrate. In this process, the ketone is aminated enantioselectively by a (S)- or (R)-
selective w-TA to its corresponding chiral amine [140]. As a drawback, the amination reaction
often has an unfavorable reaction equilibrium and, in particular when alanine is used, yields are
limited [117]. In order to direct the equilibrium towards the preferred product, different
approaches were followed, such as replacement of the amine donor, addition of an amine donor
in excess or removal of the carbonyl product [139]. Shin & Kim, for example, synthesized
(S)-a-methylbenzylamine from acetophenone using L-alanine as amine donor, obtaining a yield of
up to 90 % in asymmetric synthesis. For this, pyruvate, the carbonyl by-product, was removed
continuously by lactate dehydrogenase reaction to shift the equilibrium [141]. Moreover, reaction
systems have been developed using an alanine dehydrogenase for the regeneration of alanine

from pyruvate [142].

1.4. Biotechnological application of LOXs, HPLs and w-TAs

The LOX pathway provides some interesting enzymes and products for industrial application. In
particular, lipoxygenases and hydroperoxide lyases have great potential for biotechnological
utilization. LOX-preparations like enriched soybean flour are applied as additive for bleaching of

textiles, flour for bread or pasta production and dairy products such as milk, cream or whey
17



Introduction

products [143-146]. The bleaching is a consequence of the co-oxidation of carotenoid pigments
or other colored components by the hydroperoxides formed [147, 148]. Furthermore,
co-oxidation of the thiol groups of glutenin protein in wheat flour leads to the formation of
disulfide bonds and crosslinking of the proteins, thereby improving dough properties in baking

processes [149, 150].

The combined LOX - HPL reaction is of special interest for the biotechnological synthesis of GLVs,
which generate a fresh, green scent and are therefore demanded by the flavor, fragrance and food
industry [94]. For the production of the C¢ and Co volatile aldehydes and their corresponding
alcohols and esters, various LOX and HPL enzymes were either extracted from plants or
heterologously expressed and combined in one-pot reactions [151-153]. Cleavage of
13(S)-HPODE and 13(S)-HPOTE yields the Cs aldehydes hexanal and 3(Z)-hexenal, which can be
further reduced to the corresponding alcohols. They possess a fresh, green, grassy to banana-like
scent. In contrast, cleavage of 9(S)-HPODE and 9(S)-HPOTE yields the Co aldehydes 3(Z)-nonenal
and 3(Z2),6(Z)-nonadienal as well as corresponding alcohols by further reduction. These

compounds have fresh, cucumber- and melon-like odors [154].

In addition, some volatiles such as 2(E)-hexenal, 2(E)-nonenal and 2(E),6(Z)-nonadienal are toxic
to mites and have therefore been suggested to be used in food storage [155]. Besides the synthesis
of Cs¢ and Co¢ wvolatiles, plants containing LOX and HPL enzymes also synthesize
12-0x0-9(Z)-dodecenoic acid, which is further metabolized to the wound hormones traumatin and
traumatic acid upon herbivore attack. Interestingly, Jabtoiska-Trypu¢ and co-workers recently
postulated a positive effect of traumatic acid on many skin diseases related to oxidative stress and
collagen biosynthesis [156]. Moreover, they studied the effect of traumatic acid on human breast
cancer MCF-7 cells and observed a decrease in cell proliferation and viability [157]. Thus, for
pharmaceutical application it could also be interesting to use lipoxygenases and hydroperoxide

lyases for traumatin and traumatic acid biosynthesis.

Many amines are important biologically active compounds for pharmaceutical, chemical and
agrochemical application [139]. Approximately 40 % of all pharmaceuticals have a chiral amine
in their structure, highlighting the potential of w-TAs and other enzymes for enantioselective
synthesis [158, 159]. The use of enzymes often requires only mild reaction conditions and leads
to high enantioselectivity, so w-TAs can be a good alternative to chemical routes for the synthesis
of chiral amines [159]. An example for the synthesis of an enantio-pure pharmaceutical is the
amination of prositagliptin to sitagliptin, a therapeutic for type Il diabetes, using the engineered
(R)-ATA117-11Rd from Merck & Co and Codexis [160]. Furthermore, w-TAs have been applied for
the preparation of (S)-rivastigmine to treat of Alzheimer’s disease [161] and for the synthesis of

(R)-mexiletine, an antiarrhythmic drug [162]. w-TAs have also been used for the synthesis of
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unnatural a and § amino acids, which are interesting building blocks for the synthesis of peptides

and proteins with enhanced stability [117, 164].

Furthermore, w-TAs have been used for the synthesis of polymer precursors such as w-amino
fatty acids or diamines [13, 164, 165]. A biosynthetic pathway has been developed for the
synthesis of poylamide-6 monomer 6-aminohexanoic acid from cyclohexanol. For this, an alcohol
dehydrogenase was coupled with a BVMO and an esterase for the synthesis of 6-oxohexanoic acid.
6-Oxohexanoic acid in turn was aminated to 6-aminohexanoic acid by w-TA from P. denitrificans
[166]. In addition, long-chain w-aminocarboxylic acids (e.g. C11 or Ci2) were produced in enzyme

cascades or with whole-cell biocatalysts [11, 13-15].
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2. Materials & Methods

2.1. Reagents, enzymes and antibodies

The reference standards  13(S)-hydroperoxyoctadecadienoic acid (13(S)-HPODE),
12-0x0-9(Z)-dodecenoic acid and 12-oxo0-10(E)-dodecenoic acid were purchased from Larodan
(Sweden), while the 12-aminododecanoic acid standard was from Alfa Aesar (USA).
12-Hydroxydodecanoic acid, linoleic acid and hexanol were supplied from Thermo Fisher
Scientific (USA). Hexanal and hexylamine were obtained from Sigma Aldrich (USA).
Pyridoxal-5-phosphate monohydrate was supplied from Acros organics, Thermo Fisher Scientific
(USA). Safflower oil composing of 77.2 % linoleic acid, 13.3 % oleic acid, 6.7 % palmitic acid, 2.4 %
stearic acid and 0.4 % of other fatty acids [167] was purchased from Gefro (Germany). Triton
X-100, B-nicotine amide adenine dinucleotide disodium salt (NADH), L-alanine, 6-aminolevulinic
acid (ALA), isopropyl B-d-1-thiogalactopyranoside (IPTG), imidazole, ampicillin sodium salt,
kanamycin  sulfate, chloramphenicol and  N,O-bis(trimethylsilyl)-trifluoroacetamide-
trimethylchlorosilane (BSTFA-TMCS) (99:1) were obtained from Carl Roth (Germany).
13(S)-HPODE and 13(S)-HPOTE were synthesized by Valentin Gala Marti as described in [167].
Other chemicals and solvents not listed here were supplied by Thermo Fisher Scientific (USA),

Carl Roth (Germany) or Sigma Aldrich (USA).

Glycine max LOX-1, Pseudomonas fluorescens Amano lipase and L-lactate dehydrogenase (LDH)
were purchased from Sigma Aldrich (USA). FastDigest restriction enzymes, 10x FastDigest buffer,
T4 DNA ligase and 10x T4 DNA ligase buffer were obtained from Thermo Fisher Scientific (USA).
Phusion Hot Start DNA polymerase, 5x Phusion High-fidelity buffer and dNTPs were from Thermo
Fisher Scientific (USA) as well. Transaminases TRz, TRz and TR¢ were obtained from Prof. Dr.

Manuel Ferrer from the CSIC, Madrid, Spain.

For Western Blot detection of LOX-1, the Anti-LOX1 antibody (affinity purified) and the Goat
anti-Rabbit IgG, HRP conjugated antibody were purchased from Agrisera (Sweden). For
histidine-tagged proteins, the monoclonal AP-conjugated Anti-His (C-term) antibody
(AB_2556555) was supplied by Thermo Fisher Scientific (USA). Western Blue® Stabilized
Substrate for Alkaline Phosphatase and SuperSignal™ West Pico PLUS Chemiluminescent
Substrate for visualization were obtained from Promega (USA) and Thermo Fisher Scientific

(USA).
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2.2. Vectors

All vectors used for cloning and protein expression are listed in Table 1. Vector maps are shown

in the results chapter and in the appendix as outlined in Table 1.

Table 1 Vectors used in this work with description and reference. Amp®: ampicillin resistance,
KanR: kanamycin resistance.

Vector Description Reference Figure
pET-21b(+) Expression vector, AmpR Merck (Germany)
pET-21b::Hislox1sm Expression vector for HisloxIem from This work Fig. 10
G. max with sequence for His6-tag,
AmpR
pET-28a(+) Expression vector, KanR Merck (Germany)
pET-28a::Hishplcp Expression vector for Hishplcp from  This work Fig. 14
Carica papaya with sequence for Fig. A7

His6-tag, KanR
pET-28a::Hishpluy Expression vector for Hishplyy from  This work Fig. A7
Hordeum vulgare with sequence for
His6-tag, Kank
pET-28a::Hishplss Expression vector for Hishplsg from  This work Fig. A7
Sorghum bicolor with sequence for
His6-tag, Kank
pJET1.2 /blunt Cloning vector, AmpR ThermoFisher
Scientific (USA)
pJET1.2::Hishplcp.x Cloning vector for truncated This work
Hishplcp-n from C. papaya with
sequence for His6-tag, AmpR
pJET1.2::Hishpluy.x Cloning vector for truncated This work
Hishplup-y from H. vulgare with
sequence for His6-tag, AmpR
pJET1.2::Hishplsg-n Cloning vector for truncated This work
Hishplsg-x from S. bicolor with
sequence for His6-tag, AmpR
pET-28a::Hishplcp-n Expression vector for truncated This work Fig. 14
Hishplcp-n from C. papaya with Fig. A10

sequence for His6-tag, Kank
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Vector

Description

Reference Figure

pET-28a::Hishplpc.n

pET-28a::Hishpluv.n

pET-28a::Hishplsg-n

pET-43.1a(+)

pJET1.2::nusAhplcp.n

pJET1.2::nusAhplpc-n

pJET1.2::nusAhplyv-n

pPJET1.2::nusAhplsgn

pET-28a::nusAhplcp-n

pET-28a::nusAhplpc.n

Expression vector for truncated
Hishplpc-n from Psidium guajava
with sequence for His6-tag, KanR
Expression vector for truncated
Hishpluv.n from H. vulgare with
sequence for His6-tag, Kan®R
Expression vector for truncated
Hishplsg-y from S. bicolor with
sequence for His6-tag, Kan®R
Expression vector for nusA, AmpR
Cloning vector for fusion construct
with nusA and truncated Hishplcp-n
from C. papaya with sequence for
His6-tag, AmpR

Cloning vector for fusion construct
with nusA and truncated Hishplpc-n
from P. guajava with sequence for
His6-tag, AmpR

Cloning vector for fusion construct
with nusA and truncated Hishpluv-x
from H. vulgare with sequence for
His6-tag, AmpR

Cloning vector for fusion construct
with nusA and truncated Hishplsg-n
from S. bicolor with sequence for
His6-tag, AmpR

Expression vector for fusion
construct with nusA and truncated
Hishplcp-n from C. papaya with
sequence for His6-tag, Kank
Expression vector for fusion
construct with nusA and truncated
Hishplpc-n from P. guajava with

sequence for His6-tag, KanR

This work Fig. A10

This work Fig. A10

This work Fig. A10

Merck (Germany)

This work

This work

This work

This work

This work Fig. 14

Fig. A17

This work Fig. A17
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Vector

Description

Reference

Figure

pET-28a::

pET-28a::

pET-21b::

pET-21b::

pET-21b::

pET-21b::

nusAhpluv.n

nusAhplsg.n

Histrap

Histrcy

Histrep

Histrsp

pRhokHi-2::Histr2

pBXCH::Histr3

pBXCH::Histré

Expression vector for fusion This work

construct with nus4 and truncated

Hishpluv-n from H. vulgare with

sequence for His6-tag, Kan®R

Expression vector for fusion This work

construct with nus4 and truncated

Hishplsg-y from S. bicolor with

sequence for His6-tag, KanR

Expression vector for trap from This work

Aquitalea denitrificans with

sequence for His6-tag, AmpR

Expression vector for trcy from This work

Chromobacterium violaceum with

sequence for His6-tag, AmpR

Expression vector for trep from This work

Paracoccus denitrificans with

sequence for His6-tag, AmpR

Expression vector for trsp from This work

Sulfitobacter delicatus with sequence

for His6-tag, AmpR

Expression vector for tr2 from [168]

Acidihalobacter sp. with sequence for

His6-tag, Kank

Expression vector for tr3 from [168]

uncultured Rhodobacteraceae

bacterium with sequence for

His6-tag, AmpR

Expression vector for tr6 from [168]

uncultured Rhodobacteraceae

bacterium with sequence for

His6-tag, AmpR

Fig. A17

Fig. A17

Fig. 28

Fig. 28

Fig. 28

Fig. 28
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2.3. Cell strains and cultivation of bacteria

Escherichia coli XL1-Blue was used for high copy amplification of vector DNA and E. coli
BL21(DE3) was applied for protein expression (Table 2). E. coli C41(DE3) and E. coli
Lemo21(DE3) are derivatives of BL21(DE3) and were used for HPL expression as well.

Table 2 Bacteria used in the experiments for cultivation and expression. Abbreviations for E. coli
genotypes according to Berlyn (1998) [169].

Strain Description Reference
E. coli XL1-Blue endA1l gyrA96(nalR) thi-1 recAl relAl lac Agilent

glnV44 F'[ ::Tn10 proAB+lacla A(lacZ)M15] Technologies (USA)
hsdR17(rx- mg*)

E. coli BL21(DE3) E. coli str. B F-ompT gal dcm lon hsdSg(ryms=) [170]
A(DE3 [lacl lacUV5-T7p07 ind1 sam?7 nin5])
[malB*]k-12(29)

E. coli C41(DE3) F-ompT gal dcm hsdSg (ry mp) (DE3) [171]

E. coli Lemo21(DE3) fhuA2 [lon] ompT gal (A DE3) [dcm]AhsdS/ [172]
pLemo(CamR) A DE3 = A sBamHIlo AEcoRI-
Bint:(lacl::PlacUV5::T7 genel) i21 Anin5
pLemo = pACYC184-PrhaBAD-lysY

Lysogeny broth (LB) medium was used for standard cultivation or pre-cultures of E. coli [173]. To
obtain higher cell densities, the complex medium terrific broth (TB) or the auto-induction medium
ZYM5052 [174] was prepared (Table 3). For TB medium, the solution of yeast extract, tryptone
and glycerol was autoclaved, while the buffer was sterile filtered and added immediately before
cultivation. For ZYM5052 medium, the solution of tryptone, yeast extract and salt was autoclaved,
and the solution of glucose, lactose and glycerol, as well as the trace metal mix, magnesium sulfate
and the buffer were sterile-filtered and added before cultivation. For the preparation of solid
media, 1.8 % (w/v) agar was added. Autoclaving was performed for 20 min at 121 °C and a
pressure of 0.2 MPa. If necessary, ampicillin (Amp), kanamycin (Kan) or chloramphenicol were
added after autoclaving to a final concentration of 100 ug-ml-!, 50 pg-ml-! or 30 pg-ml-1. If not
noted otherwise, E. coli was cultivated at 37 °C with continuous shaking at 200 rpm in Erlenmeyer
flasks with baffles. Glycerol stocks were prepared for storage of the generated bacterial strains.
For this purpose, overnight cell cultures were mixed with sterile glycerol to a final concentration

0f 20 % (v/v) and stored at -80 °C until further use.
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Table 3 Compositions of the cultivation media lysogeny broth (LB), terrific broth (TB) and the
auto-induction medium ZYM5052. Table reproduced from [175] with permission from Springer

Nature.

Component

Final Concentration

LB

Yeast extract
Tryptone
NacCl

TB

Yeast extract
Tryptone
Glycerol
Phosphate buffer
ZYM5052
Y

MgSO0.4

1000xTrace metal mix

5052
Buffer

5gl1
10 g1t
10 g-11

24 g1
20 g1t
4 ml-I1
17 mM KH2PO,, 72 mM K;HPO4

10 g-I'1 Tryptone, 5 g-1'! Yeast extract

2 mM

10 mM FeCls, 4 mM CaClz, 2 mM MnCl;, 2 mM ZnSO4, 0.4
mM CoClz, 0.4 mM CuCly, 0.4 mM NiCl, 0.4 mM
Na;Mo0O4, 0.4 mM Na,SeOs, 0.4 mM H3BO3

0.5 % Glycerol, 0.05 % Glucose, 0.2 % Lactose

25 mM Naz;HPO4, 25 mM KH2P04, 50 mM NH.CI

2.4. Bioinformatic analyses

DNA and protein sequences were downloaded from the “National Center for Biotechnology

Information” (NCBI) website [176]. The Basic Local Alignment Search Tool (BLAST) [177] from

the NCBI website was used to identify putative novel homologous sequences of hydroperoxide

lyases and transaminases. Multiple sequence alignments were conducted with Clustal Omega

[178] using the BLOSUM62 matrix. Phylogenetic trees were created with ClustalX [179] and NJPlot

[180] with the neighbor-joining algorithm and a bootstrap value of 1000.

Protein structures were obtained from the RCSB Protein Data Bank (RCSB PDB) [181] and the

protein images were drawn with UCSF ChimeraX [57]. A putative model of papaya HPL was

created with the Swiss-model program [90] based on the crystal structure of A. thaliana AOS.
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2.5. Molecular biology methods

2.5.1. Polymerase chain reaction (PCR)

Polymerase chain reactions (PCR) were performed to amplify hpl genes. The pET-28a::Hishpl
vectors were used as templates. Oligonucleotides, which were synthesized by eurofins genomics

(Ebersberg, Germany) are outlined in Table 4 and were used as primers.

Table 4 Oligonucleotides for PCR with restriction sites underlined and His6-tags highlighted in
grey.

Designation Sequence (5’ - 3’) Restriction
site
hpICP-Nter_fw 2aaCATATGCTGCCGCTGCGTACC Ndel
hpICP_His6_rv aaaGGATCCTTAATGGTGATGATGATGATGTTTGG BamHI
hplHV-Nter_fw 2aaCATATGCCGCCGCCTAAACCG Ndel
hplHV_His6_rv 2aaGGATCCTTAATGGTGATGATGATGATGACTGCTCG BamHI
hplISB-Nter_fw CATATGCCGCCTCCGCGTCCTATTCC Ndel
hpISB_His6_rv GGATCCTTAATGGTGATGATGATGATGCTGCTGAGC BamHI

PCR was performed using Phusion Hot Start Il DNA-Polymerase (Thermo Fisher Scientific, USA)

with proof-reading function. The protocol was carried out as follows:

PCR using Phusion Hot Start Il DNA-Polymerase:

5xPhusion GC buffer 10 pl

Phusion Hot Start Il DNA-Polymerase 0.5 pl

dNTPs (each 10 pmol-pl-1) 1l

Primer fw (10 pM) 1ul

Primer rv (10 puM) 1l

Template DNA 1l

DMSO (10 % (v/v)) 5ul

ddH-0 30.5 ul

Step Temperature Time Cycles
Initial denaturing 98 °C 30 sec 1x
Denaturing 98 °C 10 sec

Annealing Primer specific 30 sec 30x
Elongation 72°C 45 sec

Final elongation 72°C 5 min 1x
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2.5.2. Fusion PCR

A fusion PCR enables the ligation and amplification of a DNA construct out of two or more DNA

fragments without the need of restriction enzymes and a ligase [182]. It was applied to synthesize

fusion proteins of HPL and NusA. DNA sequences with overlapping regions were amplified in a

PCR cycle with oligonucleotides outlined in Table 5. In addition, a sequence encoding an

enterokinase (EK) cleavage site was added in between the hpl and the nusA genes for post-

translational restriction of the fusion proteins. For amplifying the nusA sequences, primers P1 and

P2 were used and for amplifying the hpl sequences, primers P3 and P4 were employed.

Table 5 Oligonucleotides used for fusion PCR with restriction sites underlined and His6-tags

highlighted in grey.
Designation Sequence (5’ - 3’) Restriction
site
P1_nusA_Ndel_fw CATATGAACAAAGAAATTTTGGC Ndel

P2_nusA_EK_hplPG_rv

P3_hplPG_EK_NusA_fw

P4_hplPG_BamHI_rv
P2_nusA_EK_hplICP_rv
P3_hplCP_EK_NusA_fw

P4_hplCP_His6_rv
P2_nusA_EK_hplHv_rv

P3_hplHV_EK_NusA_fw

P4 hplHV_His6_rv
P2_NusA_EK_hplSB_rv

P3_hplSB_EK Nus_fw

P4 hplSB_BamHI_rv

CGAACAGGCAGACTCTTGTCGTCGTCATCACTAGTCGCTTCG

TCACC

CGAAGCGACTAGTGATGACGACGACAAGAGTCTGCCTGTTC
GCACCATTC

GGATCCTTAATGGTGATGATGATGATGATTGGCTTTTTC BamHI
GACACTCTTGTCGTCGTCATCACTAGTCGCTTCGTCACCG

GAAGCGACTAGTGATGACGACGACAAGAGTGTCCTGCCGCT

GCGTACC

AAAGGATCCTTAATGGTGATGATGATGATGTTTGG BamHI
CGGCGGGACACTCTTGTCGTCGTCATCACTAGTCGCTTCGTC
ACCGAACc
GAAGCGACTAGTGATGACGACGACAAGAGTGTCCCGCCGCCT

AAACCG

AAAGGATCCTTAATGGTGATGATGATGATGACTGCTCG BamHI
GGGACGACACTCTTGTCGTCGTCATCACTAGTCGCTTCGTCA

CCGAAC

GAAGCGACTAGTGATGACGACGACAAGAGTGTCGTCCCGCCT
CCGCGTC

GGATCCTTAATGGTGATGATGATGATGCTGCTGAGC BamHI

In the following fusion PCR, the overlapping regions of the DNA fragments served as primers and

as template DNA. Annealing of the overlapping regions was performed by addition of DNA

fragments in equimolar concentrations as described in the protocol below.
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PCR using Phusion Hot Start DNA polymerase:

5xPhusion GC buffer

Phusion Hot Start DNA polymerase
dNTPs (each 10 pmol-pl-1)
Fragment 1 (nusA)

Fragment 2 (hpl)

DMSO (10 % (v/v))

ddH.0

Step Temperature
Initial denaturing 98 °C
Denaturing 98 °C
Annealing Primer specific
Elongation 72°C

Final elongation 72°C

Cooling 8°C

4 ul
0.5l
0.4 ul
1l
1ul

2 ul
111l

Time
1 min
10 sec
90 sec
90 sec

5 min

Cycles
1x

20x

1x

In the second part of the fusion PCR, the DNA fragments were ligated and the fusion DNA

constructs were amplified. For this, the primers P1_NusA_Ndel_fw and P4_hpl BamHI_rv

(Table 5) were added to the upper reaction mix on ice and the PCR cycle was performed as

described below.

PCR using Phusion Hot Start DNA polymerase:

5xPhusion GC buffer

Phusion Hot Start DNA polymerase
dNTPs (each 10 pmol-pl-1)

Primer 1 (10 uM)

Primer 2 (10 uM)

DMSO (10% (v/v))

ddH-0

6 ul
0.5 ul
0.6 ul
1l
1l
3ul
17.9 ul
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Step Temperature Time Cycles
Initial denaturing 98 °C 1 min 1x
Denaturing 98 °C 10 sec

Annealing Primer specific 90 sec 20x%
Elongation 72°C 90 sec

Final elongation 72°C 5 min 1x
Cooling 8°C oS

2.5.3. Isolation of plasmid DNA from E. coli

Plasmid DNA was isolated from E. coli with the Gene]ET Plasmid Miniprep Kit (Thermo Fisher
Scientific, USA). Cells were cultivated overnight on LB plates with the appropriate antibiotic. Cell
material was scraped off the plate and dissolved in 250 pl resolving buffer. Then, the instructions
were followed according to the manufacturer’s instructions. In brief, 250 pl of lysis solution was
added to the samples and the tubes were inverted five times before 350 pl of neutralization
solution was added and the tubes were inverted five times again. The tubes were centrifuged for
5 min and the supernatant was transferred to a GeneJET Spin Column. The tubes were centrifuged
for 1 min and then washed twice with 500 pl of wash solution. Purified DNA was eluted with 50 pl

of elution buffer after 2 min incubation and 2 min centrifugation.

2.5.4. Restriction of DNA and ligation of restriction products

Restriction of plasmid DNA was performed with FastDigest enzymes from Thermo Fisher
Scientific (USA). The reaction mixtures were prepared as described below and incubated at 37 °C

for 30 min.

Restriction digest:

Plasmid/ DNA fragment x pl
10xFastDigest buffer 2ul
Restriction enzyme 1 2ul
Restriction enzyme 2 2ul
ddH0 ad 20 ul

For blunt-end ligation of PCR products into the pJET1.2/blunt cloning vector, the Clone]JET PCR

Cloning Kit from Thermo Fisher Scientific (USA) was used according to the manufacturer’s
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instructions. The reaction mixtures were prepared and incubated for 5 min at room temperature.

E. coli XL1-Blue was then transformed with the ligated vectors for amplification.

Blunt-end ligation:

pJET1.2/blunt (50 ng-pl-1) 1 pl (0.05 pmol end concentration)
PCR product 8 ul (0.15 pmol end concentration)
T4 DNA ligase 1l

2xreaction buffer 10 pl

ddH-0 ad 20 pl

For sticky-end ligation of the restricted DNA fragments into the pET-28a(+) vector, T4 DNA ligase
was used according to the protocol below. The reaction mixtures were incubated for 60 min at

room temperature. E. coli XL.1-Blue was transformed with the respective vectors for amplification.

Sticky-end ligation:

pET-28a(+) x ul
Insert DNA x ul
T4 DNA ligase 1l
10xT4 ligase buffer 2l
ddH.0 ad 20 pl

2.5.5. Generation and transformation of competent E. coli cells

Chemically competent E. coli cells (XL1-Blue, BL21(DE3), C41(DE3) and Lemo21(DE3)) were
generated for plasmid transformation according to Hanahan (1983). A pre-culture of E. coli was
grown overnight in 50 ml LB medium at 37 °C. The main culture of 50 ml LB was inoculated with
2 % of the pre-culture and grown at 37 °C until reaching an ODgoonm of 0.3-0.5. Cells were
incubated onice for 15 min and then centrifuged at 7000 x g for 10 min and 4 °C. After discarding
the supernatant, the cell pellet was suspended in 18 ml RF1-solution and centrifuged as described
above. Again, the supernatant was discarded. Then the cells were suspended in 4 ml RF2-solution

and aliquoted in 200 pl portions. The aliquots were stored at -80 °C until further use.
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RF1-solution: RF2-solution:

100 mM RbCl 10 mM RbCl

50 mM MnCl; 75 mM CaCl;

30 mM potassium acetate 10 mM MOPS

10 mM CaCl, 15 % (v/v) glycerol

-> adjust to pH 5.8 with glacial acetic acid —> adjust to pH 5.8 with NaOH

Transformation of plasmid DNA was performed with 200 ul of the competent E.coli cell
suspension. Either the complete ligation mixture (20 pl) or 1 pl of previously generated plasmids
was added to the competent cells and incubated on ice for 30 min. A heat shock was performed at
42 °C for 90 sec. Cells were immediately cooled on ice for 2 min and then 500 pl LB medium was
added. Cells were incubated for 1 h at 37 °C before they were streaked out on LB plates with the

respective antibiotic and incubated overnight at 37 °C.

2.5.6. Agarose gel electrophoresis and DNA extraction

Agarose gel electrophoresis was performed to separate DNA fragments according to their
molecular mass. For this, 1 % agarose (w/v) was dissolved in 1x Rotiphorese TAE buffer (Carl
Roth, Germany) and heated. A gel was poured and placed in an electrophoresis chamber filled
with 1x Rotiphorese TAE buffer. Samples were mixed with 1x Orange Loading Dye (Thermo
Fisher Scientific, USA) and loaded onto the gel. GeneRuler™ 1 kb DNA ladder (Thermo Fisher
Scientific, USA) was added as marker. An electric field of 120 V was applied for electrophoresis.
The gel was incubated into a 2 pg-ml-! ethidium bromide staining solution for 20 min, followed by
visualization of the DNA under UV light at 312 nm. DNA fragments were isolated from agarose
gels with the “Monarch DNA Gel Extraction Kit” (New England Biolabs, Germany) according to the
manufacturer’s protocol. In brief, the excised gel fragments were dissolved in four volumes of gel
dissolving buffer and incubated at 50 °C until the gel fragments were dissolved. The samples were
loaded onto a small purification column delivered with the kit and centrifuged for 1 min. The
column was washed twice with 200 pl of DNA wash buffer and centrifuged again. The DNA was
eluted with 6-20 pl DNA elution buffer.

2.5.7. DNA sequencing

Correct cloning was verified by DNA sequencing by Eurofins Genomics (Germany). For sample
preparation, the Mix2Seq Kit (Eurofins Genomics, Germany) was used according to the

manufacturer’s protocol. 10 pl of vector solution was mixed with 2 ul primer and sent to Eurofins
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Genomics for DNA sequencing. The T7_Promoter_forward and the T7_Terminator_reverse primer
(Table 6) were applied. For long DNA constructs of HPL - NusA fusion proteins, additional samples
were prepared with the primers nusA_sequencing and hpl_sequencing. Sequences were analyzed

using the ApE program (A plasmid Editor, Version v2.0.61) [184].

Table 6 Oligonucleotides used for DNA sequencing.

Designation Sequence (5’ - 3’)
T7_Promoter_foward TAATACGACTCACTATAGGG
T7_Terminator_reverse GCTAGTTATTGCTCAGCGG
nusA_sequencing AAGCCGGAGCACTGATTATG
hplPG_sequencing TCACTAATCGGACCCAGCAGC
hpICP_sequencing GATCGCTCAGCGGACCCAGC
hplHV_sequencing ACGCAGCGGGCCCAGAACCG
hplSB_sequencing ACGCAGCGGACCCAGAACCG

2.6. Protein biochemistry methods

2.6.1. Protein expression in shaking flasks and fermenter cultures

E. coli BL21(DE3) cells expressing LOX, HPL or w-TA were cultivated in 500 ml Erlenmeyer flasks
with baffles containing 50 ml cultivation broth (Chapter 2.3.) and the respective antibiotic. For
HPL expression, 2.5 mM &-aminolevulinic acid and 0.1 mM ammonium ferric citrate were
optionally added. Cultivation was started with inoculation of 2 % (v/v) of an overnight cell culture.
Cells were grown at 37 °C with continuous shaking at 200 rpm until an ODeoo of 0.6 (for LB
medium) or 1 (for TB and ZYM5052 medium) was reached. Temperature was decreased to 15 °C
for LOX expression, 25 °C for HPL expression and 20 °C for w-TA expression. In case of LB and TB
cultivation, protein expression was induced with 1 mM Isopropyl -d-1-thiogalactopyranoside
(IPTG), whereas in case of ZYM5052 cultivation, auto-induction was achieved by lactose (0.2 %
(w/v)). Cells were cultivated for 24 h and subsequently harvested by centrifugation at 4500 x g

for 15 min. Cell pellets were frozen at -20 °C until further use.

Expression optimization of LOX-1 was performed by analyzing cultivation temperatures ranging

from 10 to 37 °C and comparing the cultivation media LB, TB and ZYM5052. Expression

optimization of HPL¢p.xn was conducted by testing the cultivation media LB, TB and ZYM5052, the

additives 6-aminolevulinic acid and ammonium ferric citrate and cultivation temperatures

between 15 to 37 °C. Moreover, the expression strains C41(DE3) and Lemo21(DE3) were

compared to expression in E.coli BL21(DE3). For expression with Lemo21(DE3), varying
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concentrations of L-rhamnose from 0 to 2000 uM as well as 30 pg-ml! chloramphenicol were

added in the beginning.

For preparative scale production of HPLcp.n, a2 3 1 BioFlo Fermenter 115 (Eppendorf, Germany)
was used. The bioreactor was filled with 1.51ZYM5052 medium containing 50 pg-ml-! kanamycin
and 2.5 mM §-aminolevulinic acid. An overnight pre-culture of E. coli expressing HPLcp.y was used
to inoculate the bioreactor with a concentration of 2 % (v/v). The temperature was set to 25 °C,
the stirrer to 400-800 rpm and the aeration was adjusted to 1.5 vvm (2.251-m1), keeping a
minimum dissolved oxygen level (DO) of 30 %. Cells were cultivated for 24 h and subsequently

harvested by centrifugation at 4500 x g at 4 °C.

2.6.2. Extraction and purification of soluble enzyme fractions

Cell pellets were suspended in the appropriate solubilization buffer (Table 7) containing
300 pg-ml! lysozyme. 40 mM of imidazole was added to the binding buffer, in case protein
purification was intended. Cells were incubated on ice for 1 h and then disrupted by sonication in
seven cycles of 15 sec each, with a 15 sec pause on ice between the cycles. The crude extract (CE)
was centrifuged at 21,000 x g for 10 min and 4 °C to obtain the soluble enzyme fraction (SF).
Purification of LOX-1, HPLs and w-TAs was performed by immobilized metal affinity
chromatography (IMAC) using a nickel-bound HisTrap™ FF column (Cytiva, USA). The soluble
fraction was dissolved in binding buffer and loaded onto the column. The column was washed
with the appropriate buffer containing 40 to 100 mM imidazole and finally eluted with 500 mM
imidazole (Table 7). To remove imidazole, the purified fractions were concentrated with Pierce™
Protein Concentrators 10 K MWCO (Thermo Fisher Scientific, USA) and dissolved in elution buffer
without imidazole.

Table 7 Solubilization and binding buffers for LOX, HPL and w-TA solubilization and affinity
purification.

Step Buffer

LOX-1

Solubilization 0.05 M Tris buffer pH 7.5 with 0.05 M NaCl

Binding 0.05 M Tris buffer pH 7.5 with 0.5 M NaCl and 0.04 M imidazole
Washing 0.05 M Tris buffer pH 7.5 with 0.5 M NaCl and 0.04 M imidazole
Elution 0.05 M Tris buffer pH 7.5 with 0.5 M NaCl and 0.5 M imidazole
HPLcpn

Solubilization 0.05 M KPO4 buffer pH 6 with 1 M NaCl and 0.2 % Triton X-100
Binding 0.05 M KPO. buffer pH 6 with 1 M NaCl, 0.04 M imidazole and 0.2 %

Triton X-100

33



Materials & Methods

Step Buffer

Washing 1 0.05 M KPO4 buffer pH 6 with 1 M NaCl and 0.04 M imidazole and 0.1 %
Triton X-100

Washing 2 0.05 M KPO4 buffer pH 6 with 1 M NaCl and 0.1 M imidazole and 0.1 %
Triton X-100

Elution 0.05 M KPO4 buffer pH 6 with 1 M NaCl and 0.5 M imidazole and 0.1 %
Triton X-100

w-TAs

Solubilization 0.05 M KPO4 buffer pH 7.5 with 0.05 M NaCl

Binding buffer 0.05 M KPO4 buffer pH 7.5 with 0.5 M NaCl and 0.04 M imidazole

Washing 0.05 M KPO4 buffer pH 7.5 with 0.5 M NaCl and 0.04 M imidazole

Elution 0.05 M KPO4 buffer pH 7.5 with 0.5 M NaCl and 0.5 M imidazole

2.6.3. Size exclusion chromatography

Size exclusion chromatography (SEC) was performed to determine the native molecular weight of
HPLcpn. A Superdex™ 200 Increase 10/300 column (Cytiva, USA) was equilibrated with 50 mM
potassium phosphate buffer pH 7 containing 0.5 M NaCl and 0.1 % Triton X-100. The eluate
fraction from IMAC purification was loaded onto the column and the retention time was measured.
For calibration of the column, the gel filtration markers kit containing proteins from 29,000-
700,000 Da (Sigma Aldrich, USA) was used. The distribution coefficient Kay was calculated as
follows:

Ve = Vo
e—Vo

Kay =

with V. = elution volume, Vo = void volume and V. = volume of the column.

A calibration curve of Kav against the logarithm of the protein molecular weight was drawn

(y =-0.3582x + 1.04) and used for determination of native molecular mass of HPLcp-n.

2.6.4. Protein quantification with Bradford reagent

Quantitative determination of proteins was performed photometrically using the Bradford
reagent, which contains Coomassie Brillant Blue G [185]. During interacting with proteins,
Coomassie Brillant Blue G changes its absorption maximum from 465 nm to 595 nm. 1 ml of
Bradford reagent was mixed with 20 pl of sample in an appropriate dilution and incubated for

10 min at 22 °C in the dark. The absorbance was measured in a photometer at 595 nm and protein
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concentrations were calculated using a calibration curve generated with bovine serum albumin

(BSA).

Bradford reagent:

70 mg Coomassie Brilliant Blue G

50 ml ethanol (96 % (v/v))

100 ml phosphoric acid (85 % (v/v))
ad 1000 ml ddH,0

2.6.5. SDS-PAGE

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) is a biochemical method
for separating proteins according to their molecular mass in an electric field [186]. Samples of
10 pg protein were mixed with 1x SDS denaturing buffer and the samples were heated at 95 °C
for 10 min for protein denaturation. Discontinuous gels were poured with a stacking gel (4.5 %
polyacrylamide) to line up the proteins and a resolving gel (11.5 % polyacrylamide) to separate

the proteins (Table 8).

Gels were placed in a vertical gel chamber filled with 1x Rotiphorese SDS-PAGE buffer (Carl Roth,
Germany) and the samples were loaded onto the gel. As marker, 5 pl of Page Ruler Prestained
Protein Ladder (Thermo Fisher Scientific, USA) was added. An electric filed was applied (40 mA)
and the proteins were separated according to their molecular mass. For visualization, the gel was
stained with a Coomassie staining solution for 1 h under constant shaking and then placed in 10 %

acetic acid overnight for discoloration.

Table 8 Composition of discontinuous SDS gels consisting of a stacking gel and a resolving gel.

Stacking gel (4.5 %) Resolving gel (11.5 %)
ddH.0 5.625 ml 5.7 ml
Acrylamide/ bis-acrylamide 1.41 ml 6 ml
Stacking gel buffer 2.34 ml -
Resolving gel buffer - 3.9 ml
TEMED 6.6 ul 7.5 ul
Ammonium persulfate 33 ul 37.5ul

(40 % (w/Vv))
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Stacking gel buffer: Resolving gel buffer:

30.23 g Tris/HCI 90.75 g Tris/HCl

2 gSDS 2 g SDS

ad 500 ml H,0 ad 500 ml H;0

pH=6.8 pH=8.9

3x SDS denaturing buffer: Coomassie staining solution:

20 ml glycerol 40 % (v/v) Isopropanol

4 g SDS 10 % (v/v) acetic acid

10 ml B-mercaptoethanol 0.1 % Coomassie Brilliant Blue R250
18.6 mg EDTA ad 1000 ml Hz0

2.5 mg bromophenol blue
ad 50 ml 100 mM Tris/HCI (pH= 6.8)

2.6.6. Western Blot

LOX and HPL expression was verified by Western Blot. Proteins were separated with SDS-PAGE
and then transferred to a polyvinylidene difluoride (PVDF) membrane. For this purpose, the
membrane was pretreated with methanol and equilibrated in transfer buffer. Then, a blot
‘sandwich’ was prepared, which consists of two sheets of filter paper that were pre-incubated in
transfer buffer, followed by the membrane, the gel and two more sheets of filter paper that were
pre-incubated in transfer buffer on top. The blot ‘sandwich’ was placed in the blotting chamber

and blotting was performed at 15 V for 45 min.

For specific immunological detection of the membrane-bound LOX-1 protein, the affinity purified
Anti-LOX1 antibody (Agrisera, Sweden) was used. First, the free binding sites on the membrane
were blocked with 5 % milk powder in TBST (tris-buffered saline with Tween20) for 1 h under
continuous shaking. The membrane was washed three times with TBST and the primary antibody
(Anti-LOX1) was added at a dilution of 1:5000 in 20 ml TBST containing 5 % milk powder and
incubated for 1 h under continuous shaking at 22 °C. Subsequently, the membrane was washed
three times with TBST and incubated with the secondary antibody (Goat anti-Rabbit IgG, HRP-
conjugated (Agrisera, Sweden) at a dilution of 1:10,000 in 20 ml TBST containing 5 % milk
powder for 1h under continuous shaking at 22 °C. For chemiluminescence detection,
SuperSignal™ West Pico PLUS chemiluminescent substrate (Thermo Fisher Scientific, USA) was

used and a mixture of luminol and H,0, was freshly prepared and applied to the membrane. This
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led to a catalytic reaction of horseradish peroxidase (HRP) and chemiluminescence was detected

at 425 nm using a ChemiDoc (Bio-Rad Laboratories, USA).

For immunological detection of the His-tagged HPLcp.y protein, the monoclonal AP-conjugated
Anti-His (C-term) antibody AB_2556555 (Thermo Fisher Scientific, USA) was used. The
membrane was washed as described above and the antibody was added with a 1:2000 dilution in
20 ml TBST containing 5 % milk powder. The membrane was incubated at 22 °C for 1 h under
continuous shaking before the membrane was washed as described above. Western Blue®
Stabilized Substrate for Alkaline Phosphatase (Promega, USA) was added and the His-tagged

proteins became visible.

Transfer buffer: 1 x TBST:

25 mM Tris-HCl 20 mM Tris

192 mM glycine 150 mM NacCl

20 % (v/v) methanol 0.1 % (w/v) Tween® 20
> pH83

2.7. Enzyme assays and biocatalytic methods

2.7.1. Activity analysis of LOX and HPL

The activity of LOX-1 and HPL was determined photometrically at 234 nm, which correlates to an
absorbance peak of the conjugated double bond system of 13(S)-HPODE and 13(S)-HPOTE. In case
of LOX-1, the absorbance increased proportional to the formation of the conjugated peroxide,
whereas in case of HPL, it decreased due to the cleavage of the conjugated double bond system.
To determine the enzymatic activity of LOX-1, reaction mixtures were prepared with 10 pl of an
appropriate LOX-1 dilution with 1 mM linoleic acid in 50 mM borate buffer pH 9 to a final volume
of 1 ml. Reactions were measured photometrically at 234 nm for 300 sec at 22 °C. To determine
the enzymatic activity of HPL, reaction mixtures were prepared with 10 ul of HPL in an
appropriate dilution and 40 pM 13(S)-HPODE in 50 mM potassium phosphate buffer pH 7.5 with
1 M NaCl. Buffer optimization was performed for HPLcp.y catalysis. For this, different buffer
components, salt concentrations, pH values and addition of detergents were tested. Each
component was tested in turn for solubility and performance in the photometric activity assay.
The absorbance was measured in a 1 ml cuvette at 234 nm for 300 sec at 22 °C. Volumetric activity

was calculated as follows:
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with an extinction coefficient €=23,000 M-1-:cm'! and d=1cm. One Unit (U) was defined as the
amount of enzyme that transforms 1 pmol substrate per minute. Protein concentrations were
used for calculating specific activities. Mean values and standard deviations were determined with

Microsoft Excel.

The kinetic parameters K and vimax of HPLcp.ny were determined photometrically in triplicate with
substrate concentrations ranging from 0.005 to 0.1 mM 13(S)-HPODE and 13(S)-HPOTE.
Nonlinear regression was performed to determine the kinetic parameters with standard errors

using the program GraphPad Prism 6.05.

2.7.2. Enzyme activity analysis of w-TAs

The enzymatic activity of w-TAs was measured photometrically in a coupled enzyme assay with
lactate dehydrogenase (LDH) and NADH. Unless otherwise indicated, 10 pl of w-TA solution was
mixed with 10 pl of a 50 U-ml-! LDH solution (Sigma Aldrich, USA), 10 mM L-alanine, 0.1 mM
NADH, 0.1 mM pyridoxal-5-phosphate and 0.1 mM substrate in 1 ml 50 mM potassium phosphate
buffer pH 7.5 containing 50 mM NaCl in a cuvette. 12-0x0-9(Z)-dodecenoic acid, 12-oxo-10(E)-
dodecenoic acid or hexanal were used as substrates. The decrease in absorbance was measured
at 340 nm for 300 sec at 22 °C, which correlates with the conversion of NADH+H* to NAD*. The

volumetric activity was calculated with the following formula:

Ac AE 1 1 1
— = * — k — k —
At d & At

with the extinction coefficient of NADH €=6220 M-1-cm'! and d=1cm. Activity was measured in
Units defined as the amount of enzyme catalyzing 1 pmol substrate per minute. Protein
concentrations were used for determination of specific activities. Mean values including standard

deviations were calculated with Microsoft Excel.

2.7.3. Photometrical analysis of enzyme cascades with w-TA

The functionality of a two- and three-enzyme cascade with a ®w-TA was determined
photometrically in one-pot reaction mixtures coupled with LDH and NADH. The decrease in
absorbance was measured at 340 nm and 22 °C for 300 sec. Reaction mixtures for the coupled
HPLcp.y and w-TA reactions and the LOX-1, HPL¢p.y and w-TA reactions were mixed in a cuvette to

a final volume of 1 ml and were prepared as follows:
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HPLcp-n - w-TA:

10 ul w-TA solution

10 pl of a 20 U-ml-! solution HPLcp-n
10 ul of a 50 U-ml-! LDH solution
10 mM L-alanine

0.1 mM NADH

0.1 mM pyridoxal-5-phosphate

0.1 mM 13(S)-HPODE

LOX-1 - HPLcp.n - @-TA:

10 pl w-TA solution

10 pl of a 50 U-ml-t LOX-1

10 pl of a 20 U-ml-! solution HPLcp-n
10 pl of a 50 U-ml-! LDH solution
10 mM L-alanine

0.1 mM NADH

0.1 mM pyridoxal-5-phosphate

0.1 mM linoleic acid

ad1ml 50 mM KPO; buffer pH7.5, 50mM ad 1ml 50 mM KPO. buffer pH 7.5, 50 mM
NaCl NaCl

2.7.4. Enzyme reactions with HPL and one-pot reactions with lipase, LOX and HPL

Gas chromatographic (GC) analysis of hexanal and 12-oxododecenoic acid formation during HPL
catalyzed 13(S)-HPODE cleavage required slightly modified reaction conditions compared to the
photometrical analysis of HPL activity described in chapter 2.7.1. For this, reactions were carried
out with 10 U-ml-! HPL¢p.y and 1 mM 13(S)-HPODE in 50 mM potassium phosphate buffer pH 6
containing 1 M NaCl and 0.2 % Triton X-100, typically in a total volume of 3 ml. Samples were
incubated for up to 120 min at 22 °C or 0 °C and samples were taken in the course of the reaction
for GC-FID analysis. For this, reactions were hydrogenated and derivatized by silylation (chapter

2.8.1).

Coupled LOX-1 (Sigma-Aldrich, USA) and HPLcp.y reactions were performed as one-pot reactions,
with either simultaneous or consecutive enzyme addition. 400 pl of 50 mM potassium phosphate
buffer pH 7.5 with 0.5 M NaCl and 0.05 % Triton X-100 containing LOX-1 (100 U-ml-') was mixed
with an initial concentration of 1, 2.5 or 5 mM linoleic acid to start the enzyme reaction. 400 pl of
50 mM potassium phosphate buffer pH 7.5 with 0.5 M NaCl and 0.05 % Triton X-100 containing
purified HPLcp.n (20 U-ml!) was added either simultaneously or consecutively after pre-
incubation of LOX-1. Simultaneous reactions were performed for 1 to 5 h before GC analysis, while
in consecutive reactions, LOX-1 was pre-incubated with linoleic acid for 1 to 5 h before HPLcp.x

was added for further 15 min. The reactions were performed at 22 °C with open cups.

Moreover, one-pot reactions were conducted with P. fluorescens lipase, LOX-1 and HPL¢p-n. For
simultaneous enzyme addition, 300 pl of each enzyme solution dissolved in 50 mM potassium
phosphate buffer pH 7.5 containing 0.5 M NaCl and 0.05% Triton X-100 was mixed with
17.6 U-ml lipase, 100 U-ml-! LOX-1 and 20 U-ml! HPLcp.n. Safflower oil equivalent to a final

concentration of 0.67 mM linoleic acid was added as substrate. Reactions were performed for 3 h
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before GC analysis. For consecutive enzyme addition, 300 pl of lipase (17.6 U-ml-1) was mixed with
safflower oil equivalent to an initial concentration of 2 mM linoleic acid. 300 pl of LOX-1
(100 U-ml-t) was added over a period of 3 h in 12 portions of each 25 pl before 300 pl of HPL¢p.n
(20 U-ml-1) was applied for 1 or 15 min before analysis. The diluted concentration of safflower oil

corresponds to 0.67 mM linoleic acid.

2.7.5. Enzymatic preparation of 12-0x0-9(Z)-dodecenoic acid

12-0x0-9(Z)-dodecenoic acid was synthesized by HPL serving as substrate for w-TA biocatalysis.
In a typical reaction set up, 5 mM 13(S)-HPODE was mixed with 20 U-ml-t HPL¢cp.y in 10 ml of
50 mM potassium phosphate buffer pH 6 containing 1 M NaCl. The reaction was carried out at
22 °C for 15 min before solvent extraction with 5 ml methyl tert-butyl ether (MTBE). The volatile
co-product hexanal and the solvent were evaporated in a Concentrator plus vacuum concentrator
(Eppendorf SE, Germany) at 22 °C until the solvent was totally evaporated. The remaining
12-0x0-9(Z)-dodecenoic acid was dissolved in ethanol, analyzed by GC-FID analysis and frozen

at -80 °C until further use.

2.7.6. Enzyme catalysis with w-TA and one-pot reactions with LOX, HPL and w-TA

w-TA catalyzed transamination of hexanal and 12-oxododecenoic acid was analyzed with high
performance liquid chromatography (HPLC). For this, reaction conditions were slightly modified
compared to photometrical analysis. Purified w-TA was mixed with 50 mM L-alanine, 0.1 mM
pyridoxal-5-phosphate and 2.5 mM substrate (12-0x0-9(Z)-dodecenoic acid, 12-oxo-10(E)-
dodecenoic acid or hexanal) in 50 mM potassium phosphate buffer pH 7.5 containing 50 mM NaCl
in a total volume of 500 ul. Reactions were conducted at 22 °C for 1 to 5 h. 100 pl of reaction
solution was mixed with 900 pl of a 50:50 acetonitrile-water mixture for stopping the enzyme

reaction and samples were filled into tight LC vials for HPLC analysis (chapter 2.8.3).

Furthermore, coupled enzymatic reactions with HPLcp.y and TRap were performed and the
formation of the reaction product 12-aminododecenoic was monitored by HPLC. Reaction
mixtures were prepared with 250 pl HPL¢p.y (20 U-ml-1) in 50 mM potassium phosphate buffer
pH 7.5 containing 0.5 M NaCl with 50 mM L-alanine, 0.1 mM pyridoxal-5-phosphate and 250 pl
TRap (5 U-ml1) in the same buffer. 13(S)-HPODE was added as substrate to a final concentration
of 1 or 2.5mM and reactions were carried out at 22 °C. Enzymes were either added
simultaneously or consecutively. For simultaneous enzyme addition, both enzymes were added
at the beginning and incubated for 1 h, whereas for consecutive enzyme addition, HPLcp.x was
incubated for 5 min before TRap was added for 1 h. In a second reaction setup for consecutive
enzyme addition, HPLcp.y was incubated for 5 min before TRap was added each 10 min (each
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41.6 pl, resulting in 250 pl in total) over 1 hour. For analysis, samples were prepared as described

above.

One-pot reactions with LOX-1, HPL¢p.n and TRap were carried out either simultaneously or
consecutively at 22 °C. Reactions were conducted with 100 U-ml-! LOX-1, 20 U-ml-? HPLcp.x and
5 U-ml-1 TRap in 50 mM potassium phosphate buffer pH 7.5 containing 0.5 M NaCl in a total volume
of 500 ul. 50 mM L-alanine, 0.1 mM pyridoxal-5-phosphate and linoleic acid with a final
concentration of 1 or 2.5 mM were applied. Reactions were performed at 22 °C. Three different
reaction setups were prepared. For simultaneous enzyme addition, all enzymes were added at the
beginning and reaction was conducted for 1h. For consecutive enzyme addition, LOX-1 was
pre-incubated with linoleic acid for 3 h, before HPL¢p.y was added for 5 min and then TRap was
applied together with L-alanine and pyridoxal-5-phosphate for another hour. In another reaction
setup, LOX-1 was pre-incubated with linoleic acid for 3 h before TRap was added with L-alanine
and pyridoxal-5-phosphate, and HPLc.n was applied every 10 min for one hour. For HPLC

analysis, samples were prepared as described above.

2.8. Analytic methods

2.8.1. Sample hydrogenation for GC analysis

Aldehydes were hydrogenated to alcohols for higher stability in gas chromatography analysis. For
this, samples were mixed with an equivalent volume of 4 mg-ml-! sodium borohydride in 20 mM
NaOH and incubated for 1 h. Subsequently, the reaction mixtures were stopped by acidification
with HCl to pH 2. A solvent extraction was performed with MTBE and the alcohols were then
derivatized by silylation with 20 % (v/v) BSTFA-TMCS (99:1) for one hour at 80 °C.

2.8.2. Product analysis by gas chromatography coupled to MS and FID detection

LOX-1 and HPLcp.n reaction products were analyzed with GC-MS, using the GC-MS-QP2020 gas
chromatograph, coupled to a mass spectrometer from Shimdazu (Japan) using electron ionization
(ED). An ERAcc-5MS column from Isera (Germany) (length: 15 m, film thickness: 0.1 pm, inner
diameter 0.32 mm) was used for chromatographic fractionation. Reduced and silylated samples
of 1 pl volume were injected with a split ratio of 10 and a temperature gradient was applied as
follows: 40 °C to 200 °C with 15 °C-min-1, 200 °C to 280 °C with 5 °C-min-! and hold at 280 °C for
2 min. Helium was used as carrier gas. Mass spectra were recorded between 40-500 m-z-1. The
reference substances 13(S)-HPODE, 12-0x0-9(Z)-dodecenoic acid, 12-oxo-10(E)-dodecenoic acid,

hexanal and linoleic acid were used for spectra comparison.
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Substances were quantified using a GC-2100 gas chromatograph with flame ionization detector
(FID) (Shimadzu, Japan). The instrument was equipped with an MTX-Biodiesel TG column (length:
14 m, film thickness: 0.16 um, inner diameter: 0.53 mm) from Restek (Germany). 1 pl of the
reduced and silylated samples were injected with a split ratio of 10 and a temperature gradient
was applied as follows: 40 °C to 175 °C with 12 °C-min-t, 175 °C to 210 °C with 5 °C-min-1, 210 °C
to 330 °C with 25 °C-min-1 and hold at 330 °C for 2 min. Helium was used as carrier gas. Calibration
curves were prepared for product quantification using the reduced and silylated reference

substances linoleic acid, 13(S)-HPODE, 12-hydroxydodecanoic acid and hexanal.

2.8.3. Product analysis with HPLC coupled with MS and ELSD detection

w-TA product formation was verified with HPLC coupled with mass spectrometry (MS). A LC-
30AD Nexera LC/MS system from Shimadzu (Japan), equipped with a Shimadzu SPD-M20A UV
detector and a Shimadzu LCMS-2020 mass spectrometry detector was used. 5 to 10 pl of sample
was injected onto an Orbit-100-C18 5 um column (30 mm x 4.6 mm) from Kromasil (Sweden).
Water (A) and acetonitrile (B), each containing 0.1% formic acid, were used as the mobile phase
and a linear gradient was applied with 0.1 min 20 % B; 20 % B to 90 % B within 4 min; 1.1 min
holding at 90 % B, using a flow rate of 1.0 ml-min-1. Ionization of the samples was performed by
electron spray ionization (ESI) in negative and position mode and spectra were recorded from 50
to 700 m-z-1. Reference spectra were obtained with the standards 12-aminododecanoic acid and

hexylamine.

12-Aminododecenoic acid was quantified using an LC-20AD XR Nexera Liquid Chromatograph
(Japan) equipped with an evaporative light scattering detector (ELSD) 100 (VWR, Germany).
Samples of 10 to 20 ul were injected onto a LaChrom II+ C18 RP column (250 mm x 4.6 mm, 5 pm
particle size) from Hitachi (Japan). A linear gradient was applied as follows: 20 % B to 60 % B
within 14 min; 60 % B to 80 % B within 3 min; 80 % B to 90 % B within 5 min using a flow rate of
1.0 ml-min-! and water (A) and acetonitrile (B) with 0.1 % formic acid as mobile phase. Calibration

of the detector was performed with 12-aminododecanoic acid.
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3. Results

In this work, a novel enzymatic route towards nylon-12 was developed. Starting from
linoleic acid-rich oils, the coupling of lipoxygenase pathway enzymes and w-transaminase
enabled 12-aminododecenoic acid synthesis. For this purpose, one LOX, four HPLs and seven
w-TAs were cloned, expressed and characterized. Subsequently, enzyme cascades were

established as one-pot reactions and the efficacy of the new route was demonstrated.
3.1. Lipoxygenase

3.1.1. Cloning and expression of soybean lipoxygenase LOX-1

13(S)-Specificlipoxygenase 1 from G. max (LOX-1) catalyzes the hydroperoxidation of linoleic acid
to 13(S)-HPODE. This enzyme was chosen as expression target because good activity has been
demonstrated in previous studies [65]. The encoding gene sequence was obtained from NCBI
GenBank accession number AAA33986.1 and was codon-optimized for E. coli (Fig. A1). A synthetic
gene of 2517 bp with a His6-tag sequence was synthesized and cloned into the expression vector
pET-21b(+) by BioCat (Germany). Correct vector construction was verified by restriction analysis

(Fig. 10) and DNA sequencing.
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Fig. 10 Expression vector pET-21b::Hislox-1 for expression of G. max LOX-1 (a) and agarose gel of
restriction digest of pET-21b::Hislox-1 with Ndel and BamHI (b). M: DNA ladder marker with sizes
in bp.

For LOX-1 expression, E. coli BL21(DE3) was grown for 24 h at 37 °C. Cells were harvested by

centrifugation and disrupted by sonication to obtain the crude extract (CE). Insoluble fragments

were removed by centrifugation, yielding the soluble fraction (SF). The enzymatic activity was
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measured photometrically at 234 nm, detecting the formation of hydroperoxides with conjugated
double bond system. Initial expression revealed that an active form of LOX-1 was obtained with a
visible protein band in the crude extract on SDS-PAGE of around 95 kDa corresponding to the
theoretical molecular weight of LOX-1 (Fig. 11). However, only 16 U-11 of soluble, active enzyme
were obtained. Different cultivation temperatures and cultivation media were tested to determine
the optimal expression conditions (Fig. 11). Cultivation was performed at temperatures between
10 to 37 °C (Fig. 11a+b). The highest LOX-1 activity was measured after cultivation at 15 °C
reaching 1356 U-l-1. To further increase the enzyme expression, different cultivation media were
tested and evaluated based on LOX-1 activity and cell density at ODesoo (Fig. 11c). The ODgoo
increased from ~ 4.3 after cultivation in LB medium to ~16.5 in TB and ~17.3 in ZYM5052. The
complex media TB and ZYM5052 provide a multiple of nutrients compared to LB, resulting in
higher cell densities. Up to 11,447 U-I* soluble LOX-1 were obtained in TB medium while up to
1647 U-I' soluble LOX-1 were produced in ZYM5052. Consequently, in further experiments,

expression of LOX-1 was performed in TB medium at 15 °C.
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Fig. 11 Dependence of LOX-1 expression on different temperatures (a + b) and cultivation media
(c). (a) Volumetric activity of soluble fractions was measured in triplicate after expression at
different cultivation temperatures in LB. (b) SDS-PAGE with M: protein marker with sizes in kDa,
CE: crude extract and SF: soluble fraction. The arrow marks the theoretical size of LOX-1. (c)
Optical density (ODsoo; red bars) measured after 24 h of expression in different cultivation media
at 15 °C and volumetric activity of soluble fractions (blue bars) measured in triplicate after
expression.
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The effect of salt and imidazole concentration on LOX-1 activity was determined to analyze effects
of buffer components during LOX-1 purification. For metal affinity chromatography of His-tagged
proteins, imidazole is regularly used for elution. In addition, high salt concentrations are often
added for purification. Cell pellets were suspended in in buffers containing either 50 or 500 mM
NaCl or 40 or 500 mM imidazole. Activity was measured photometrically in borate buffer pH 9
(Fig. 12). The addition of salt in concentrations of 50 to 500 mM had a positive effect on the activity
of LOX-1, as most of the activity from the crude extract was retained in the soluble fraction.
However, the addition of imidazole resulted in a decrease of activity in the crude extract from
100% to 78 % when 500 mM imidazole was added. Consequently, in further purification

experiments, imidazole was removed by filtration after the purification process.
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Fig. 12 Effect of salt concentration and addition of imidazole on activity of LOX-1. Photometric
enzyme assays were performed with different buffers with the crude extract (red bars) and
soluble fraction (blue bars) in triplicate. Buffer compositions: (1) 50 mM Tris, (2) 50 mM Tris +
50 mM Na(l, (3) 50 mM Tris + 500 mM NacCl, (4) 50 mM Tris + 40 mM imidazole and (5) 50 mM
Tris + 500 mM imidazole.
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3.1.2. Purification of LOX-1

His6-tagged LOX-1 was purified by metal affinity chromatography using a HisTrap™ FastFlow
column from Cytiva, USA (Fig. 13a). In the purification process, the specific activity increased
54-fold from around 3 U-mg-!in the crude extract to around 150 U-mg-! in the eluate fraction after
buffer exchange to remove imidazole (Table 9). SDS-PAGE was performed to monitor the
purification process (Fig. 13b). While no clearly defined overexpression band was found on the
SDS gel in either the crude extract or the soluble fraction, the eluate fraction contained a protein
band of around 100 kDa corresponding to the size of LOX-1. A second protein band around 70 kDa
and some faint bands were also visible on the SDS gel. A Western Blot was performed using
specific antibody staining with an Anti-LOX-1 antibody (Agrisera, Sweden), which confirmed the
presence of LOX-1 in all fractions (Fig. 13c). It was also shown that the band around 70 kDa and

the other bands must be degradation products of LOX-1, because the specific multiclonal antibody
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gave a positive response. To prevent protein degradation, several protease inhibitors were tested.
However, neither the addition of phenylmethylsulfonyl fluoride (PMSF), a serine protease
inhibitor, nor the addition of cOmplete™ Mini, EDTA-free Protease Inhibitor Cocktail (Roche,
Switzerland) could reduce lipoxygenase degradation.

Table 9 Purification process of LOX-1 from 50 ml cultivation medium after cultivation at 15 °C in
TB medium.

Total Volume Volumetric Protein Specific  Purifi-
Activity [ml] activity concen- activity  cation
[U] [U-ml-1] tration [Umg1] (fold)
[mg-ml-]
Crude extract 1038 25 41.5 14.8 2.8 1
Soluble fraction 523 23 22.7 5.4 4.2 1.5
Eluate 271 6 45.1 0.3 150.3 53.7
a b c
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Fig. 13 Purification process of LOX-1. (a) Metal affinity chromatography purification was
recorded at 280 nm. SDS-PAGE (b) and Western blot (c¢) with M: protein marker with sizes in kDa,
NC: negative control, CE: crude extract, SF: soluble fraction and E: elution with 500 mM imidazole.

3.2. Hydroperoxide lyases

3.2.1. Selection and cloning of HPLs

Hydroperoxide lyases catalyze the cleavage of linoleic or a-linolenic acid hydroperoxide into a
Ci2-oxoacid and a Cs-aldehyde. HPLs are unstable enzymes and thus not available commercially.
Therefore, gene sequences coding for potential HPLs were derived from literature and databank

searches and four HPLs were selected for cloning and expression in E. coli:

- HPL from P. guajava (Acc. no.: AAK15070.1),
- HPL from H. vulgare (Acc. no.: A]318870),
- Putative HPL from C. papaya (Acc. no.: XP_021890218.1) and
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- Putative HPL from S. bicolor (Acc. no.: 0QU84187.1).

HPLpc from P. guajava is a well-characterized 13-HPL that was used for the synthesis of hexanal
and 3(Z)-hexenal before [84, 103]. HPLyy from H. vulgare was previously characterized as well
and showed good activity towards 13(S)-HPOTE and 13(S)-HPODE [107]. A BLAST search was
performed to identify putative novel, yet uncharacterized HPL homologs. HPL sequences from
C. papaya (HPLcp) and from S. bicolor (HPLsg) were selected which exhibited sequence identities
0f 66.17 % and 48.13 % compared to HPLpg and 50.97 % and 71.46 % compared to HPLuy. The hpl
genes were codon-optimized for expression in E. coli (Fig. A3-Fig. A6). Synthetic genes with a
His6-tag were cloned into the pET-28a(+)vector by BioCat (Germany). The expression vectors
were verified by DNA sequencing and DNA restriction, confirming correct insertion of the

~1500 bp hpl genes (Fig. 14 & Fig. A7).

Since previous studies have shown that guava HPL activity increased significantly after removal
of the hydrophobic, unconserved N-terminus [103], this gene was directly synthesized without
this region. In HPLs, the N-terminal sequence is not conserved and contains hydrophobic amino
acids that may affect enzyme solubility. To identify the unconserved N-terminus of the other HPLs,
a multiple sequence alignment was performed using ClustalQ [178] (Fig.15 & Fig. A8).
Subsequently, the N-terminal sequences were removed by PCR-based subcloning (Fig. A9). The
truncated sequences were then cloned into the cloning vector pJET1.2 and E. coli XL1-Blue was
transformed for amplification. The gene sequences (Fig. A3-A6) were ligated into the expression
vector pET-28a(+) and verified by restriction digestion (Fig. 14 & Fig. A10) and DNA sequencing,
confirming the correct cloning of the ~1450 bp truncated hpl-N genes.

Moreover, fusion proteins were generated with the solubility-enhancing protein NusA. NusA is a
transcription elongation factor of RNA polymerase with high solubility. Solubility enhancement
has been demonstrated for several NusA fusion proteins [187-189]. In this work, fusion proteins
were generated by fusion PCRs using the pET-43.1a(+) vector for amplification of nusA (Fig. A12)
and pET-28::hpl-N for amplification of hpl-N (Fig. A11). An enterokinase cleavage site was added
in between the two proteins, enabling post-translational cleavage. The fusion PCR constructs
(Fig. A13-A16) were ligated into the pET-28a(+) vector and verified by restriction digestion
(Fig. 14 & Fig. A17) and DNA sequencing, confirming the correct fusion constructs of ~3000 bp.
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Fig. 14 Expression vectors for HPL expression (a) and agarose gels of restriction digest of the
vectors with Ndel and BamHI (b), exemplified for C. papaya HPLcp. Restriction digests of the other
HPLs are found in the appendix (Fig. A7, Fig. A10, Fig. A17). M: DNA ladder marker with sizes in
bp. Figure modified and reproduced from [175] with permission from Springer Nature.
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Fig. 15 Multiple sequence alignment of the N-terminal sequences of HPLs obtained with ClustalQ
[178]. The first 60 amino acids are shown. The full-length sequence alignment is presented in
appendix Fig. A8. Figure reproduced from [175] with permission from Springer Nature.
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3.2.2. Expression of HPLs

E. coli BL21(DE3) was transformed with the appropriate vectors and protein expression was
performed in TB medium for 24 h at 25 °C. For N-terminally truncated guava HPLpc.n a protein
band was detected in the crude extract around 50 kDa on SDS-PAGE, which corresponds to the
calculated molecular weight of the enzyme (Fig. 16a). However, in the soluble fraction no protein
band was visible at the corresponding position, so a large amount of HPLps.n was probably
expressed as insoluble protein. Overexpression of the fusion protein NusAHPLp¢.n was observed
in the crude extract with a protein band around 95 kDa, which again was not preserved in the
soluble fraction. Full-length and N-terminally truncated sorghum HPLsg and HPLsg.x showed weak
protein bands in the crude extract around 50 kDa and no band in the soluble fraction on
SDS-PAGE, suggesting again insoluble enzyme expression (Fig. 16b). No protein band was visible
for the fusion protein NusAHPLsg.y at the corresponding position of 95 kDa. Full-length as well as
N-terminally truncated barley HPLuv and HPLuv.n showed strong protein bands in the crude
extract around 50 kDa, but again no protein band in the soluble fraction (Fig. 16c). Thus, most of
the enzyme seems to be expressed insolubly. In contrast, no protein bands were visible for the
fusion protein NusAHPLyy.y at 95 kDa. For papaya HPLcp and fusion NusAHPLcp.n no protein bands
were detected at the corresponding positions. However, a protein band was visible in the crude
extract of N-terminally truncated HPLcp.y at 50 kDa, but not in the soluble fraction, suggesting

expression of mainly unsoluble enzyme (Fig. 16d).
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\Fig. 16 SDS-PAGESs of enzyme expression of HPLs in full-length, N-terminal truncated constructs
and NusA-HPL fusion proteins with HPLs from (a) P.guajava (PG), (b) S. bicolor (SB) (c)
H. vulgare (HV) and (d) C. papaya (CP). M: protein marker with sizes in kDa, NC: negative control,
CE: crude extract and SF: soluble fraction. Figure modified and reproduced from [175] with
permission from Springer Nature.

Only low activity was measured for full-length HPLs from papaya and barley (0.03 and
0.04 U-mg1), whereas no activity was measured for sorghum HPL (Fig. 17). Increased activity was
detected for all N-terminal truncated enzymes and NusA fusion proteins. For guava, sorghum and
papaya HPL, activities of the N-terminal truncated enzymes were approximately equal to the
activities of the NusA fusion proteins, whereas for barley HPL, the activity of the NusA fusion
protein was significantly higher. HPL from S. bicolor showed only low activity in the N-terminal
truncated form and the NusA fusion construct with 0.02 and 0.03 U-mg-1. The highest specific
activities were measured with HPLcp.n and NusAHPLcp.x with 0.85 and 0.84 U-mg-! in the soluble
fraction. Since the activity of the N-terminal truncated construct and the fusion construct were in

the same range, further experiments were performed with the truncated construct to avoid

possible interfering of the NusA protein during characterization of papaya HPL.
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Fig. 17 Comparison of specific activities of HPL (grey bars), truncated HPL-N (blue bars) and
fusion NusAHPL-N (red bars) proteins from P. guajava (PG), H. vulgare (HV), S. bicolor (SB) and
C. papaya (CP). Activities were measured in the soluble fractions of the enzymes in triplicate.

3.2.3. Optimization of expression and solubilization of HPLcp-N

Many HPLs have been reported to be membrane-associated, including guava HPLp¢ [84]. Based on
the high sequence identity with HPLcp, we suspect that the papaya enzyme is also a membrane
protein. Limited solubility and formation of inclusion bodies of membrane-associated enzymes is
an issue, which deserves optimization. Membrane proteins are often incorporated into the
cytoplasmic membrane of E. coli using the sec-translocon. The sec-translocon, however, is rapidly
saturated, resulting in misfolded proteins that form inclusion bodies [172]. To improve the
expression of HPL¢p.y, cultivation was tested using the C41(DE3) and Lemo21(DE3) strains, which
are both designed to improve membrane protein expression [171, 172]. The level of proteins
expressed with Lemo21(DE3) was described to be adjustable by the addition of different
concentrations of L-rhamnose, thereby affecting the level of lysozyme, which acts as an inhibitor
of T7 RNA polymerase. Around 369 U-l'1 were obtained in Lemo21(DE3) cultivation with no added
L-rhamnose and even less activity was measured in cultivations with L-rhamnose (Fig. 18).
603 U-1'1 were found in the soluble fraction of C41(DE3). In contrast, around 1541 U-l'1 were
measured from expressions with the initial used BL21(DE3) strain. Moreover, no increase in
soluble protein bands were visible on SDS-PAGE from expressions in C41(DE3) and Lemo21(DE3)
(Fig. A18 & Fig. A19). For this reason, the initially used BL21(DE3) strain was kept for further

experiments.
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Fig. 18 Evaluation of the optimal expression strain for HPL¢p.y production. Activity was measured
photometrically in the soluble fraction in triplicate after cultivation at 25°C in TB +
6-aminolevulinic acid and ammonium ferric citrate. The expression strains BL21(DE3), C41(DE3)
and Lemo21(DE3) with varying L-rhamnose (Rh) concentrations were tested.

In further experiments, the cultivation conditions for the expression of HPLcp.x were optimized.
For this purpose, cultivation was performed with temperatures ranging from 15 to 37 °C and
activity was determined photometrically (Fig. 19). The highest HPL activity was observed for
expressions at 25 °C (Fig. 19a) and was therefore used for all further experiments. In addition, the
cultivation media LB, TB and ZYM5052 were tested with and without the addition of the
supplements ammonium ferric citrate as iron source and §-aminolevulinic acid (ALA) as heme
precursor. Cultivation with LB medium reached around 441 U-l', whereas 1541 U:1'1 were
obtained in cultivation with TB medium containing §-aminolevulinic acid and 2694 U-l! in the
autoinductive medium ZYM5052 containing §-aminolevulinic acid (Fig. 19b). Consequently,
further cultivations for HPLcp.n expression were carried out in ZYM5052 medium containing

6-aminolevulinic acid.

52



Results

a b
2500+ 3000+
2000
= = 2000-
3. 1500- =
2 2
£ 1000- =
< < 10004
500
0_
15°C  20°C 25°C 30°C 37°C 1 2 3 4 5 6 7 8 9

Fig. 19 Evaluation of optimal cultivation temperature (a) and cultivation medium (b) for HPLcp.n
expression. Activity was measured photometrically in the soluble fraction in triplicate. (a) Activity
measurements after cultivation in TB + §-aminolevulinic acid (ALA) + ammonium ferric citrate
(Fe) between 15 to 37 °C. (b) Activity measurements after cultivation at 25 °C in different
cultivation media with 1: LB (grey bars), 2: TB (blue bars), 3: TB + ALA, 4: TB + Fe, 5: TB + ALA +
Fe, 6: ZYM5052 (red bars), 7: ZYM5052 + ALA, 8: ZYM5052 + Fe, 9: ZYM5052 + ALA + Fe. Figure
modified and reproduced from [175] with permission from Springer Nature.

A buffer screening was performed to optimize the solubility and activity of papaya HPLcp.n. For
this purpose, different buffer substances, pH values, as well as the addition of salts and detergents
were tested (Fig. 20). The cell pellets were dissolved in the appropriate buffer and enzyme assays
were performed in the same buffer. 50 mM Tris buffer pH 7.5 containing 50 mM NaCl was used as
starting buffer and gradually each component was exchanged and its influence on solubility and
activity was tested photometrically. The highest activity was measured when the pH value was
reduced to pH 6, the buffer substance was exchanged to 50 mM potassium phosphate and the salt
concentration was increased to 1 M. However, increased activities were only measured in the
crude extract but not in the soluble fraction. To preserve the activity from the crude extract into
the soluble fraction, the addition of a detergent was shown to be essential. Here, the best activities
were measured upon addition of 0.2 % Triton X-100. By combining the best buffer components

(50 mM potassium phosphate buffer pH 6 containing 1 M NaCl and 0.2 % Triton X-100), the
activity of HPLcp.y in the soluble fraction was increased 60-fold (Fig. 20).
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Fig. 20 Evaluation of optimal buffer for HPLcp.n solubilization and activity assay. The initially used
50 mM Tris buffer pH 7 containing 0.05 M NaCl (1) was set to 100 % and effects were subsequently
evaluated in a one-factor-at-a-time approach. (a) pH values with (1) 50 mM Tris pH 7, (2) 50 mM
potassium phosphate pH 6, (3) 50 mM Tris pH 8 and (4) 50 mM Tris pH 9; (b) Buffer substances
with (5) 50 mM potassium phosphate, (6) 50 mM HEPES, (7) 50 mM MOPS and (8) 50 mM Bis-
Tris; (c) Salt concentrations with (9) no salt, (10) 0.5 M NaCl, (11) 1 M NaCl, (12) 0.1 M KCl and
(13) 1 M KCI; (d) Detergents with (14) 0.2 % Brij®, (15) 0.2 % Tween-20 and (16) 0.2 % Triton
X-100. (e) The best buffer conditions of (a) - (d) were combined to buffer (17) with 50 mM
potassium phosphate pH 6 containing 1 M NaCl and 0.2 % Triton X-100. Activity measurements
were performed with the crude extract (red) and the soluble fraction (blue) in the same buffer
used for solubilization. Figure modified and reproduced from [175] with permission from
Springer Nature.
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3.2.4. Fermentation, purification and biochemical characterization of HPLcp-N

To obtain large quantities of the enzyme for purification, HPLcp.x was expressed in a 3 1 bioreactor
containing 1.51 ZYM5052 with §-aminolevulinic acid. In a typical fermentation process, around
7174 U were obtained with a specific activity of 1.15 U-mg-! in the crude extract and 1.27 U-mg-!
in the soluble fraction (Table 10). HPLcp.n was purified by metal affinity chromatography using a
HisTrap™ FastFlow column with bound nickel ions from Cytiva (USA). First, purification was
performed using 50 mM potassium phosphate buffer pH 6 containing 1 M NaCl and 40 mM
imidazole as binding buffer. After loading the soluble fraction onto the column, non-specific
proteins were washed with 40 mM imidazole and HPL¢p.y was eluted with 500 mM imidazole.
Active HPLcp.y was eluted and a specific activity of 1.91 U-mg-! was measured in the eluate fraction
(Fig. A20). However, several non-specifically bound proteins were present in the eluate fraction
as well that negatively influenced purity and specific activity. To optimize the purification process,
a linear gradient of 40 to 500 mM imidazole was tested to determine the optimal imidazole
concentration for the washing steps and HPL elution (Fig. A21). In addition, 0.1 % Triton X-100
was added to the buffers to ensure solubility of HPL. Many non-specific proteins were washed
from the column at an imidazole concentration of around 100 mM and HPLcp.x was eluted at an
imidazole concentration of about 250 mM with a specific activity of 17.9 U-mg! (Fig. A21). Yet,
some residual activity was measured after elution with an imidazole concentration of 500 mM. In
further purification processes, stepwise washing steps of 40 mM and 100 mM imidazole were
applied prior to elution of HPLcp.y with 500 mM imidazole (Fig. 21a). Although the eluate fraction
was still not completely pure, a strong enrichment was achieved. During a typical purification
process, the specific activity increased almost 16-fold from 1.15 U-mg! in the crude extract to
18.21 U-mg! in the eluate (Table. 10). A Western Blot was performed with a monoclonal Anti-His
antibody (Thermo Fisher Scientific, USA), confirming the presence of the His6-tagged HPL in the
eluate fraction (Fig. 21b).

Table 10 Fermentation and purification process of HPL¢p.n determined with activity assays. Cells

were cultivated with a volume of 1.51 ZYM5052+8-aminolevulinic acid in a 3 1 bioreactor. Table
reproduced from [175] with permission from Springer Nature.

Total Volume Volumetric Protein Specific

Activity [ml] activity concentration activity

[U] [U'ml?] [mg-ml] [U'mg*]
Crude extract 7174 600 11.96 10.41 1.15
Soluble fraction 5722 600 9.54 7.53 1.27
Eluate 2447 120 20.39 1.12 18.21
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Fig. 21 Purification process of HPLcp.n, determined by SDS-PAGE (a) and Western Blot (b).
M: protein marker with sizes in kDa, NC: negative control, CE: crude extract, SF: soluble fraction,
FT: flow through, W40: washing fraction with 40 mM imidazole, W100: washing fraction with
100 mM imidazole and E: elution with 500 mM imidazole. Figure modified and reproduced from
[175] with permission from Springer Nature.

The native molecular weight of HPLcp.x was determined by size exclusion chromatography, using
a 200 Increase 10/300 Superdex™ (Cytiva, USA) gel filtration column. The column was calibrated
with the gel filtration markers kit for protein molecular weights of 29,000-700,000 Da (Sigma-
Aldrich, USA) (Fig. 22). The molecular weight of the HPLcp.y in its native state was determined to
be 225.9 kDa. Since the calculated molecular weight of the truncated and His6-tagged HPLcp.x is

53 kDa, it can be assumed that HPLcp.y is a tetramer.
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Fig. 22 Determination of molecular weight of native HPLcp.y by gel filtration (a) after calibration
with carboanydrase (29 kDa), alcohol dehydrogenase (150 kDa), apoferritin (443 kDa) and
thyroglobulin (669 kDa) (b). The distribution coefficients Kay of the calibration proteins (black
circles ®) were drawn against the logarithm of their known molecular weight. Based on the
calculated formula (y = -0.3582x + 1.04), HPL¢p.n (red square M) with a Kay of 0.197 obtained a
log10(M) of 2.354, corresponding to a molecular weight of 225.9 kDa. Figure (b) reproduced from
[175] with permission from Springer Nature.
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The pH dependency of purified HPLcp.xy was determined photometrically in the range from pH 6
to pH9 (Fig. 23). Highest activity was measured at pH 6, while 40 % of the activity was still
retained at pH 9.
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Fig. 23 Determination of pH dependence of purified HPLcp.x from pH 6 to 9. Activity was measured
photometrically in triplicate. Figure reproduced from [175] with permission from Springer
Nature.

For comparison of the substrate affinities and catalytic efficiencies of HPLcp.y for 13(S)-HPODE
and 13(S)-HPOTE substrates, photometric enzyme assays were performed in triplicate using
concentrations ranging from 0.005 to 0.1 mM of each hydroperoxide. Measured enzyme activities
in (mM-min1) were drawn against the initially applied substrate concentrations. Nonlinear
regression was performed (Fig. 24) and the kinetic parameters Ky, (Michaelis-Menten constant),
Vmax (Maximum reaction rate) and ke (turnover number) were calculated using the GraphPad
Prism 6.05 program (Table 11). The K, value of HPLcp.y is 140 puM for 13(S)-HPODE and 150 uM
for 13(S)-HPOTE indicating a similar substrate affinity. HPLcp.n shows a 1.55 fold higher catalytic
efficiency (Kcat/Km) towards 13(S)-HPOTE (4.23x 10¢ s1-M-1) compared to 13(S)-HPODE
(2.73x 106 s'1-M-1), showing a slight substrate preference for 13(S)-HPOTE.
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Fig. 24 Enzyme activity was measured in dependence of substrate concentrations ranging from

0.005 mM to 0.1 mM with (a) 13(S)-HPODE and (b) 13(S)-HPOTE. Diagrams were drawn with

GraphPad Prism 6.05. Figure reproduced from [175] with permission from Springer Nature.
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Table 11 Kinetic parameters of HPLcpn reaction with 13(S)-HPODE and 13(S)-HPOTE as
substrates. Photometric activity assays were performed in triplicate and Km, Vmax, Kcat and catalytic
efficiency keat/Km were calculated with GraphPad Prism 6.05. Figure reproduced from [175] with
permission from Springer Nature.

SUbStl'ateS Km Vmax kcat kcat/Km
[uM] [uM-s1] [s] [sM7]
13(S)-HPODE 140 + 30 1452 + 224 382 2.73 x 106
13(S)-HPOTE 150 £ 40 2408 + 487 634 4.23 x 106

3.2.5. Monitoring of the HPLcp-n reaction

Photometric analyses of the HPL reaction can only show the disappearance of the conjugated
double bond system of the hydroperoxides, but does not give direct evidence of the reaction
products. To monitor the formation of hexanal and 12-0x0-9(Z)-dodecenoic acid over the course
of the HPLcp.y reaction, GC-MS and GC-FID studies were conducted. For this purpose, reactions
were typically carried out with 10 U-ml-! of the soluble fraction of HPL¢p.yv and 1 mM 13(S)-HPODE
at 22 °C for up to 120 min. 12-0x0-9(Z)-dodecenoic acid (peak at 11.9 min) and hexanal (peak at
2.3 min) were formed very rapidly within 10 sec after HPLcp.y addition (Fig. 25). The major signals
on mass spectra were 73 m/z and 103 m/z for hydrogenated and silylated
12-0x0-9(Z)-dodecenoic acid and 75 m/z and 159 m/z for hydrogenated and silylated hexanal
(Fig. 26). This was confirmed by mass spectra of their reference standards (Fig. A22). Within the
next 120 min, the peak for 12-0x0-9(Z)-dodecenoic acid at 11.9 min decreased and another small
peak was detected at 12.2 min (Fig. 25). This peak correlates to a mass spectrum with main signals
at 73m/z and 129 m/z, corresponding to 12-oxo-10(E)-dodecenoic acid (traumatin), as

confirmed with its reference standard (Fig. 26 & Fig. A22).
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Fig. 25 GC-FID spectra of 13(S)-HPODE (a) and after incubation with soluble fraction of HPLcp.n
at 22 °C for 10 sec (b) and for 120 min (c). Samples were hydrogenated with sodium borohydride
and silylated with BSTFA-TMCS. Figure modified and reproduced from [175] with permission
from Springer Nature.
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Fig. 26 Mass spectra of GC-peaks from 2.3 min (hexanal), 11.9 min (12-0x0-9(Z)-dodecenoic acid)
and 12.2 min (12-oxo-10(E)-dodecenoic acid) retention time. Samples were hydrogenated with
sodium borohydride and silylated with BSTFA-TMCS. Figure modified and reproduced from [175]
with permission from Springer Nature.

Time-course experiments were carried out under different conditions to analyse the stability of
the reaction products hexanal and 12-0x0-9(Z)-dodecenoic acid (Fig.27). Reactions were
performed with 1 mM 13(S)-HPODE as substrate and were run between 5 sec to 120 min prior to
analysis by GC-FID. Calibration curves were generated with 12-hydroxydodecanoic acid and
hexanal (Fig. A23). Since 12-0x0-9(Z)-dodecenoic acid was commercially available only in small
quantities, 12-hydroxydodecanoic acid was used as calibration substance. Samples in which the
soluble fraction was applied as enzyme source, after a very rapid formation of ~0.76 mM
12-0x0-9(Z)-dodecenoic acid within only 10 sec, the oxoacid concentration subsequently declined
so that hardly any product remained after 120 min (Fig. 27a+b). In return, around 0.1 mM of the
isomerization product traumatin was formed. To preserve the oxoacid from degradation and
isomerization, reactions were performed at 0 °C on ice. This slightly slowed down the degradation
of 12-0x0-9(Z)-dodecenoic acid, but still only about 28 % 12-0x0-9(Z)-dodecenoic acid yield was
retained after 120 min of incubation. Furthermore, reactions were carried out with purified

HPLcp.n, which significantly slowed down the product degradation. A yield of 0.67 mM
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12-0x0-9(Z)-dodecenoic acid was determined after 120 min reaction. In contrast to the oxo acid,
hexanal was found to be more stable and good yields were measured in all three reaction setups

Fig. 27c¢). After 120 min incubation, yields of up to 81 % hexanal were observed.
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Fig. 27 Time-course experiments of HPLcp.n catalysis. The formation of 12-0x0-9(Z)-dodecenoic
acid (a+b), 12-o0x0-10(E)-dodecenoic acid (b) and hexanal (c) using 1 mM 13(S)-HPODE substrate
at pH 6 was quantified with GC-FID. ® =10 U-ml-! of purified HPL¢p.y at 22 °C; l =10 U-ml-! soluble
fraction of HPLcp.y at 22 °C; A = 10 U-ml soluble fraction of HPLcp.y at 0 °C; [] with dotted red
line = traumatin formation with 10 U-ml-! soluble fraction of HPLcp.y at 22 °C. Figure modified and
reproduced from [175] with permission from Springer Nature.

3.3. w-Transaminases

3.3.1. Selection and cloning of w-transaminases

Some w-transaminases are known to accept long-chain aliphatic aldehydes as substrates,
however, 12-oxododecenoic acid has not been tested yet. A literature and gene database survey
was done to select potentially suitable w-TAs for this reaction. w-TA from C. violaceum (TRcy;

Acc.no.: WP_011135573.1) was selected as a well studied w-TA which has already been shown to
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aminate hydrophobic aldehydes such as 12-oxododecanoic acid [14]. w-TA from P. denitrificans
(TRpp; Acc. no.: ABL72050.1) was demonstrated to aminate 6-oxohexanoic acid to
6-aminohexanoic acid [166] and has an identity of 38.81% to TRc¢y (Table 12). Two
uncharacterized w-TAs were identified using a BLAST search to find putative new homologs of
TRev. Sequences from A. denitrificans (TRap; Acc. no.: WP_159877958.1) and S. delicatus (TRsp; Acc.
no.: WP_093738538.1) showed identities of 81.05 % (TRap) and 53.64 % (TRsp) with respect to
TRcy. In addition, TRz (Acc. no.: MH588437) from Acidihalobacter sp. and TR3 (Acc. no.:
MF158202) and TRes (Acc. no.: MF158205) from uncultured Rhodobacteraceae bacteria can
aminate bulky ketones and hexanal [168] and were incorporated in the substrate screening. They
have an identity of 58.94 %, 34.54 % and 54.75 % with respect to TRcy.

Table 12 Sequence identities of w-TAs, calculated with BLAST [177]. Figure reproduced from
[190] with permission from Springer Nature.

TRap TRy TRep TRsp TR: TRs TRe
TRap - 81.05 36.32 54.78 56.73 35.31 56.43
TRcv 81.05 - 38.31 53.64 58.94 34.54 54.75
TRep 36.32 38.31 - 34.15 35.64 32.05 35.49
TRsp 54.78 53.64 34.15 - 58.65 35.02 69.05
TR: 56.73 58.94 35.64 58.65 - 36.93 60.05
TR3 3531 34.54 32.05 35.02 36.93 - 34.36
TRe 56.43 54.75 35.49 69.05 60.05 34.36 -

The genes encoding TRev, TRap, TRep and TRsp were designed with a His6-tag and were codon-
optimized for expression in E.coli (Fig. A24-A27). They were cloned into the pET-21(b)+
expression vector by BioCat (Germany). Correct cloning was verified by DNA sequencing and
restriction digestion (Fig. 28), which revealed the correct cloning of the ~1400 bp sized w-ta
genes. Tr; (Fig. A28) that was cloned into the pRhokHi-2 vector as well as tr; (Fig. A29) and trs
(Fig. A30) that were cloned into the pBXCH vector, were expressed in E. coli MC1061 by the group
of Prof. Dr. Manuel Ferrer [168].
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Fig. 28 Expression vector pET-21b::Histr (a) for expression of A. denitrificans (AD), C. violaceum
(CV), P. denitrificans (PD) and S. delicatus (SD) w-TAs and agarose gels of restriction digests of
pET-21b::Histr (b) with Ndel and BamHI. M: DNA ladder marker with sizes in bp.

3.3.2. Expression, purification and substrate specificity of w-TAs

E. coli BL21(DE3) was transformed with the respective vectors and the w-TAs were expressed in
TB medium containing ampicillin at 20 °C for 24 h under continuous shaking. Expression of the
enzymes was verified by SDS-PAGE (Fig. 29a). Strong protein bands were observed in the crude
extracts and soluble fractions at ~50 kDa, which correspond with the calculated molecular
weights of the w-TAs. The His-tagged w-TAs were purified with metal affinity chromatography
and only minor impurities were visible in the TRpp and TRsp fractions on SDS-PAGE (Fig. 29b). Up
to 80 mg of purified TRcy were yielded from 50 ml of cultivation medium, while 41 mg TRap, 17 mg
TRsp and 13 mg TRpp were obtained. Affinity-purified TR;, TRz and TR¢ were provided by

Prof. Dr. Manuel Ferrer and were included in the following experiments.
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Fig. 29 Evaluation of overexpression (a) and purification (b) of w-TAs. (a) SDS-PAGE of CE: crude
extract and SF: soluble fraction with M: protein marker with sizes in kDa. (b) Eluate fractions of
w-TAs after metal affinity purification. w-TAs from A. denitrificans (AD), C.violaceum (CV),
P. denitrificans (PD), S. delicatus (SD), Acidihalobacter sp. (TRz) and uncultured Rhodobacteraceae
bacteria (TR3 & TR¢) were used. Figure reproduced from [190] with permission from Springer
Nature.

A coupled photometric enzyme assay was developed using purified w-TA, a lactate
dehydrogenase, an aldehyde as substrate, L-alanine, pyridoxal-5-phosphate and NADH (Fig. 30a).
Transaminase reaction releases pyruvate, which is reduced by LDH under NADH consumption.
The decrease of NADH was monitored at 340 nm, which is proportional to the transamination
reaction. To ensure the functionality of the enzyme assay, negative controls were conducted with
reactions successively omitting substrate, enzyme and cofactor. Only weak background responses
were measured so that the functionality was proven. All w-TAs were expressed as functionally
active enzymes when measured with the reference substrate hexanal (Fig. 30b). Highest specific
activity was measured with TRap with 1.17 U-mg-t, followed by TR¢ with 1.01 U-mg-! and TRsp with
0.87 U-mg. Furthermore, the ability of the w-TAs to aminate the unsaturated oxoacids
12-0x0-9(Z)-dodecenoic acid and 12-oxo-10(E)-dodecenoic acid was tested in the coupled

photometric assay. All w-TAs were active on both, the 9(Z) and the 10(E) isoform (Fig. 30b). This

demonstrates that the double bond, located in close proximity to the aldehyde, did not interfere
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with the enzyme reaction. For most w-TAs, the specific activities towards the 9(Z) and 10(E)
isoforms differed only slightly, so that the position of the double bond can be neglected. TRpp and
TRs, however, showed significantly lower specific activities towards 12-o0xo-10(E)-dodecenoic
acid than towards the 9(Z) isomer. Highest specific activities were obtained by TRap with

0.62 U-mg! for 12-0x0-9(Z)-dodecenoic acid and 0.52 U-mg-! for 12-ox0-10(E)-dodecenoic acid.
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Fig. 30 Coupled enzymatic activity assay with a w-TA and LDH. The decrease of absorbance was
measured at 340 nm, correlating to the conversion of NADH to NAD+. (a) Reaction scheme of the
activity assay. (b) Comparison of specific activities of w-TAs for the substrates hexanal (grey), 12-
0x0-9(Z)-dodecenoic acid (blue bars) and 12-oxo-10(E)-dodecenoic acid (red bars). Activities
were measured photometrically with purified enzyme in triplicate. w-TAs from A. denitrificans
(AD), C. violaceum (CV), P. denitrificans (PD) and S. delicatus (SD), Acidihalobacter sp. (TR2) and
uncultured Rhodobacteraceae bacteria (TR3 & TRs) were used. Figure reproduced from [190] with
permission from Springer Nature.

3.3.3. Monitoring of the TRap reaction

The formation of 12-aminododecenoic acid was monitored exemplarily with TRap. The reaction
was quantified by HPLC coupled to an evaporative light scattering detector (Fig. 31a). The
substrate 12-oxododecenoic acid was not visible with the ELSD. L-alanine, which was added in
excess and its ketone product pyruvate showed the same elution volume so that only
12-aminododecenoic acid was quantified. For this, a standard curve was prepared using
commercially available 12-aminododecanoic acid at various concentrations (Fig. A31). In time-
dependent reactions, a maximum yield of 47 % 12-aminododecenoic acid was obtained after one
hour incubation at 22 °C (Fig. 31b), when 2.5 mM 12-0x0-9(Z)-dodecenoic acid was added as
substrate. Within the next four hours, it was not possible to increase the yield, indicating that an

equilibrium was reached with the given substrate and cosubstrate concentrations.
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Fig. 31 Analysis of TRap catalyzed synthesis of 12-aminododecenoic acid, monitored with
HPLC-ELSD. (a) ELSD chromatogram of TRap reaction after 1 h incubation at 22 °C. (b) Yield of
12-aminododecenoic acid after 1 to 5 h incubation with TRap. Reactions were done in triplicate
and quantified with HPLC-ELSD analysis. Figure modified and reproduced from [190] with
permission from Springer Nature.

The mass spectrum of 12-aminododecenoic acid obtained from 12-ox0-9(Z)-dodecenoic acid
transformation exhibited a major signal at 214 m/z, correlating to the molecular weight of
214 g-mol-! of its protonated form (Fig. 32a). 12-Aminododecanoic acid was used as reference
standard, since the unsaturated form was not commercially available. Here, the major signal was
216 m/z, which is in accordance to the molecular weight of 216 g-mol! for the protonated
molecule (Fig. 32c). The aldehydes 12-oxo0-10(E)-dodecenoic acid and hexanal were tested as
substrates as well. For the 10(E) isoform, a similar mass spectrum was obtained than for the 9(Z)
isomer with a major signal at 214 m/z (Fig. 32b). When hexanal was used as substrate,
hexylamine was detected in the mass spectrum with a substrate peak at 102 m/z in agreement
with the molecular weight of 102 g-mol-! for the protonated molecule (Fig. 32d). Hexylamine was
used as reference standard, which gave an identical spectrum (Fig. 32e). The formation of

12-aminododecenoic acid was comparatively analyzed with the other six w-TAs and the formation

of 12-aminododecenoic acid was confirmed in all cases.
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Fig. 32 Mass spectra analyses of TRap enzyme reactions. 12-Aminododecenoic acid was formed
by TRap reaction with 12-0x0-9(Z)-dodecenoic acid (a) and 12-o0xo-10(E)-dodecenoic acid (b),
and was compared to a reference spectrum of 12-amindodecanoic acid (c). Hexylamine was
formed by TRap reaction with hexanal (d) and compared to a reference spectrum of hexylamine
(e). Figure modified and reproduced from [190] with permission from Springer Nature.

For many w-TAs, an unfavorable L-alanine-pyruvate equilibrium has been described [140],
requiring an excess of L-alanine. In TRap reactions, L-alanine concentrations of 10 to 50 mM were
tested, corresponding to a five- to twentyfold excess over the 2.5 mM 12-0x0-9(Z)-dodecenoic acid
used. With increasing L-alanine concentration, only slightly increased conversion of
12-0x0-9(Z)-dodecenoic acid was observed (Fig. 33a). Some w-TAs were described as being more
active at higher temperatures of up to 35 °C or in the presence of dimethyl sulfoxide (DMSO) [168].
In contrast, TRap activity did not increase with higher temperature (Fig. 33b). At 35 °C, only 28 %
12-aminododecenoic acid was formed within one hour, whereas around 47 % was obtained at
22 °C. Moreover, the yield of 12-aminododecenoic acid decreased from 47 % for samples without
DMSO to 38 % for samples with 20 % DMSO (Fig.33c). Hence, further experiments were

conducted without added DMSO. The optimum pH and the optimum salt concentration were
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analyzed photometrically with pH values ranging from pH 6 to 9 and salt concentrations ranging

from 0 to 500 mM NaCl. Highest w-TA activity was reached at pH 7.5 in the presence of 50 mM
NaCl (Fig. 33d+e).
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Fig. 33 Analysis of reaction conditions for TRap catalysis. (a) L-Alanine concentration, (b) reaction
temperature and (c) DMSO addition were analyzed by HPLC-ELSD quantification. (d) Optimum
pH value and (e) salt concentration were analyzed photometrically and highest relative activities

were set to 100 %. Figure modified and reproduced from [190] with permission from Springer
Nature.

3.4. Development of enzyme cascades for the synthesis of 12-oxo- and

12-aminododecenoic acid

Enzyme cascades can simplify the synthesis of polymer intermediates by saving time and reducing
the necessity for purification steps. In this thesis, several one-pot reactions were conducted with
either lipase, lipoxygenase and hydroperoxide lyase or lipoxygenase, hydroperoxide lyase and
w-transaminase. Commercially available LOX-1 showed 40-fold higher specific activity compared

to purified LOX-1 from heterologously expressed samples. For this reason, the commercially
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LOX-1 was used in one-pot reactions. In addition, Amano lipase from P. fluorescens, selected in an
enzyme screening by Valentin Gala Marti [167], was obtained commercially. HPLcp.y and TRap
were expressed and purified as described in the previous chapters and used for the one-pot

reactions.

3.4.1. Coupling of lipase, LOX and HPL in one-pot reactions

First, one-pot reactions were carried out with LOX-1 and HPL¢p.n. Small-scale reactions were
conducted at pH 7.5 with no active oxygen supply. Though LOX-1 has a pH optimum of 9 [167]
and HPLcp.y a pH optimum of 6, both enzymes showed sufficient activity at pH 7.5. Triton X-100
was added since both LOX-1 [167] and HPLcp.y exhibited increased solubility and activity upon
detergent addition. Time-dependent one-pot reactions were performed with initial linoleic acid
concentrations of 1, 2.5 and 5 mM (Fig. 34). For this, LOX-1 was either incubated for 1 to 5 hours
before analysis or incubated for 1 to 5 hours before HPL¢p.x was added for further 15 min. Samples
were analyzed by GC-FID quantification after calibration with linoleic acid, 13(S)-HPODE and
12-hydroxydodecanoic acid (Fig. A23). 80 % oflinoleic acid was converted to 13(S)-HPODE within
three hours when 1mM linoleic acid was applied (Fig.34a). Of these, up to 68%
12-0x0-9(Z)-dodecenoic acid was synthesized after additional 15 min HPLcp.y incubation
(Fig. 34b). Higher concentrations of linoleic acid led to a decrease in conversion, probably caused

by oxygen depletion.
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Fig. 34 Time-course of one-pot enzymatic reactions with LOX-1 and HPLcp.x. () LOX-1 reactions
were incubated for 1-5 hours with 1 (@), 2.5 (l) and 5 (A) mM linoleic acid and the yield of 13(S)-
HPODE was analyzed by GC-FID analyses. (b) After pre-incubation of LOX-1 for 1-5 hours, an equal
volume of HPL¢p.y was added for 15 min and 12-ox0-9(Z)-dodecenoic acid was analyzed by GC-
FID analyses. The yield is given in percentage (%) of 12-oxododecenoic acid based on the 13(S)-
HPODE yield from (a). Experiments were performed in triplicate. Figure modified and reproduced
from [175] with permission from Springer Nature.
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Comparison between simultaneous and consecutive addition of LOX-1 and HPLcp.ny revealed that
the consecutive reaction setup resulted in significantly higher product yields (Fig. 35a). When
LOX-1 and HPL¢p.y were added simultaneously and incubated for three hours before analysis, only
low yields of 12-0x0-9(Z)-dodecenoic acid (9.3 % based on initial added concentration of linoleic
acid) were obtained. In contrast, a pre-incubation of LOX-1 for three hours before HPL¢p.x catalysis
for additional 15 min led to an overall yield of 62 % 12-0x0-9(Z)-dodecenoic acid. Consequently,
the consecutive addition of enzymes seems to be the preferable reaction setup for the coupled

LOX - HPL reaction.

Furthermore, one-pot reactions were carried out with Amano lipase from P. fluorescens, LOX-1
and HPLcp.ny with safflower as substrate. Control reactions were performed with lipase only,
resulting in a yield of 66 % of released linoleic acid, as well as coupled lipase and LOX reactions,
yielding 50 % 13(S)-HPODE (Fig. 35b). Three-enzyme one-pot reactions were performed either
simultaneously or consecutively. In a simultaneous reaction, all three enzymes were added in the
beginning, resulting in only low 12-o0x0-9(Z)-dodecenoic acid yield (2 %). In a consecutive
reaction setup, lipase was applied in the beginning and LOX-1 was added in 12 portions over three
hours before HPL¢p.n was added for further 1 or 15 min. Around 42 % 12-o0x0-9(Z)-dodecenoic

acid was measured after 1 min HPL reaction, which declined rapidly thereafter.
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Fig. 35 Determination of optimal reaction setup with either simultaneous or consecutive enzyme
addition in (a) one-pot reactions containing LOX-1 and HPLcp.y and (b) one-pot reactions with
Amano lipase from P.fluorescens, LOX-1 and HPLcp.n. Grey bars: linoleic acid, blue bars:
13(S)-HPODE and red bars: 12-o0x0-9(Z)-dodecenoic acid. Yield (%) based on a substrate
concentration of (a) 0.5 mM linoleic acid or (b) safflower oil equivalent to 0.67 mM linoleic acid.
Figure modified and reproduced from [175] with permission from Springer Nature.
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3.4.2. Synthesis of 12-aminododecenoic acid from linoleic acid by coupling LOX,

HPL and »-TA

One-pot reactions with LOX, HPL and w-TA were developed for the cascade synthesis of
12-aminododecenoic acid. Enzyme activity was measured photometrically in the same coupled
photometric assay used for w-TA alone (chapter 3.3.2) with LDH and NADH monitoring. Here,
coupling of HPL and w-TA demanded 13(S)-HPODE as substrate, while linoleic acid was used as
substrate in the LOX, HPL and w-TA cascade reaction (Fig. 36a). A decrease in absorbance of NADH
at 340 nm can only occur, when the cascade reactions work in parallel. Control reactions were
performed by sequentially omitting each enzyme, substrate and cosubstrate. Only low
background activity was measured, so that the functionality of the assay can be confirmed. All
w-TAs were active in the one-pot reactions (Fig. 36b). In combined photometric enzyme assays
with HPLcp.y, @-TA and LDH, highest conversion was measured with TRcv obtaining
31.6 nmol'-min-t-ml!, followed by TRap and TR, with 30.8 nmol'mint-ml! and
23.7 nmol‘min-t-ml-l. In combined LOX-1, HPLcp.n, @-TA and LDH assays, highest conversion of
NADH was measured with TRap exhibiting 5.6 nmol-min-1-ml-, followed by TRcy and TR; with

4.9 nmol-min-1-ml-1.
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Fig. 36 Coupled photometric enzyme assay with lipoxygenase (LOX), hydroperoxide lyase (HPL),
w-transaminase (w-TA) and lactate dehydrogenase (LDH). (a) Reaction scheme of photometric
activity assay. (b) Conversion of NADH to NAD+, determined photometrically with LDH in
reactions with a w-TA and HPL¢p.n (blue bars) or with a w-TA, HPLcp.y and LOX-1 (red bars). Figure
reproduced from [190] with permission from Springer Nature.

Since only monitoring of an overall reaction is possible with the photometric assay, direct
verification of 12-aminododecenoic formation was conducted with LC analysis. For these
reactions, TRap was used exemplarily with HPLcp.y in small-scale with either 1 or 2.5 mM
13(5)-HPODE as substrate in 50 mM potassium phosphate buffer pH 7.5 containing 0.5 M NaCl.
Combined HPLcp.n - TRap reactions were run either simultaneously or consecutively (Fig. 37a).
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For simultaneous enzyme addition, HPLcp.x and TRap were incubated simultaneously for one hour
before analysis. For consecutive enzyme addition, HPL¢p.y was pre-incubated with 13(S)-HPODE
for 5 min before TRap was added and incubated for an additional hour. In a third reaction setup,
TRap was applied in the beginning and HPLcp.y was added in 6 portions every 10 min for the period
of one hour. Highest yield of 12-aminododecenoic acid was obtained with stepwise addition of
HPL, reaching ayield of 59 % for reactions with 1 mM substrate (Fig. 37a). When 2.5 mM substrate

was added, a yield of 49 % 12-aminododecenoic acid was achieved.

Moreover, three-enzyme reactions were carried out with LOX-1, HPLcp.x and TRap with linoleic
acid as substrate. The enzymes were again added either simultaneously or consecutively
(Fig. 37b). In a simultaneous reaction, all enzymes were applied in the beginning and reaction was
run for 3 h before analysis. The reaction time was prolonged compared to the two-enzyme
reactions as LOX-1 reaction was shown to be much slower than HPLcp.x and TRap reaction [167].
For consecutive enzyme addition, LOX-1 was pre-incubated with linoleic acid for three hours
before HPLcp.n was added for 5 min and TRap for an additional hour. In a second consecutive
enzyme addition approach, LOX-1 was added in the beginning and pre-incubated with linoleic acid
for three hours. Then, TRap was added and HPL¢p.y was applied in portions every 10 min for one
hour. The highest yield of 12-aminododecenoic acid was obtained in the third reaction setup with
12.1 % 12-aminododecenoic acid. Though yields are still low, the feasibility of the three-enzyme

reaction to produce polymer precursor 12-aminododecenoic acid was successfully proven.
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Fig. 37 Comparison of optimal one-pot reaction setups with coupled HPLcp.x and TRap (a) and
coupled LOX-1, HPLcp.x and TRap (b) cascade reaction. (a) One-pot reactions with HPLcp.x and TRap
with 1 and 2.5 mM 13(S)-HPODE as substrate. Reactions were performed simultaneously (blue
bars) or consecutively by HPLcp.y addition before TRap addition (red bar), or TRap addition before
HPLcp.n dosage in portions. (b) One-pot reactions with LOX-1, HPL¢p.x and TRap with 1 and 2.5 mM
linoleic acid as substrate. Reactions were performed simultaneously (blue bars) or consecutively
by LOX-1 addition before HPL¢p.y and then TRap addition, or LOX-1 addition before TRap addition
and HPLcp.y dosage in portions. Figure reproduced from [190] with permission from Springer
Nature.
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4. Discussion

The synthesis of nylon-12 and other polyamides is still mostly based on petroleum-derived
naphtha. To circumvent the dependence on crude oil, several attempts have been made to develop
bio-based processes for the synthesis of polyamide precursor 12-aminododecanoic acid [11, 13,
14]. However, these routes depend on lauric acid, which is derived from palm kernel and coconut
oil. These oils are highly demanded by e.g. the detergent and cleaning industry for surfactant
production [191, 192]. A growing world population increases the need for these tropical oils,
which puts pressure on the available agricultural area and threatens pristine rainforests [17].
Therefore, the aim of this work was to develop a novel enzymatic route for 12-aminododecenoic
acid synthesis from linoleic acid, derived from vegetable oils from moderate to subtropical climate
zones. In contrast to 12-aminododecanoic acid, the building block of saturated nylon-12,
12-aminododecenoic acid can be used as monomer for unsaturated nylon-12. Unsaturated
polyamides are interesting polymers, as the double bonds can promote polymer crosslinking
[193]. In recent years, several unsaturated polyamides derived from natural fatty acids have been
described and their potential for utilization as thermoactive sealants, high-temperature resistant
materials or barrier films has been proposed [194]. Unsaturated 12-aminododecenoic acid can
also be hydrogenated to 12-aminododecanoic acid. For this, double bond hydrogenation could be
performed with ene-reductases, which are capable in reducing unsaturated double bonds [195].
In this work, the enzymes LOX, HPL and w-TA were successfully cloned, expressed and purified.
Finally, one-pot enzyme reactions were performed, demonstrating the feasibility of this

biocatalytic route.

4.1. Expression of recombinant LOX-1 and comparison with soybean flour

and commercially LOX-1 preparations

Soybean LOX-1 is a well-characterized 13(S)-specific lipoxygenase that can be obtained either
from soybean seeds or by heterologous expression in E. coli [59, 65, 196]. Although lipoxygenase
is available in high quantities in soybeans, the presence of many different isozymes with distinct
regioselectivities makes purification from plant extracts tedious [197]. For this reason, we wanted
to express LOX-1 heterologously in expression vectors containing the synthetic gene for LOX-1

with a His6-tag.

Soluble and active LOX-1 was expressed in E. coli at temperatures ranging from 10 to 37 °C. The
highest activity was measured at 15 °C (1357 U-I'1) and the lowest activity was measured at 37 °C
(16 U-I'1), hence, an 85-fold increase in activity was achieved by lowering the temperature. In

accordance, high yields of active LOX enzyme at low temperatures have been reported in
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literature. The highest activity of rice LOX, for example, was observed at expression temperatures
of 15 °C, whereas the highest activity of cuicumber LOX was measured at expression temperatures
of 8 °C[69, 198]. Previous expression of soybean LOX-1 also revealed best cultivation temperature
of 15 °C [65], which is in agreement with our results. Lower cultivation temperatures result in
slower protein expression and folding, which may enhance proper folding. Shirano et al. observed
less formation of inclusion bodies of rice lipoxygenase after lowering the expression temperature,

probably due to less misfolded protein [198].

Changing the cultivation medium from LB to TB further increased the activity 8.4-fold to
11,447 U-1-1, which may be explained by higher nutrient supply. TB provides almost 5 times more
yeast extract, twice as much tryptone and contains glycerol as additional carbon source. This led
to higher cell densities and more active enzyme. Furthermore, TB medium is buffered, ensuring a
constant pH. Despite higher LOX-1 activities, no clear overexpression band was visible in the
crude extract and soluble fraction on SDS-PAGE. Previous overexpression experiments by other
groups also failed in yielding strong protein bands when prokaryotic expression hosts were used
[65, 199].

A specific activity of around 2.8 U-mg-! LOX-1 was obtained in the crude extract, when expression
in TB medium at 15 °C was applied. Steczko et al. obtained a higher specific activity of 5.6 U-mg-!
LOX-1 by the addition of 3 % ethanol to the cultivation medium (Table 13) [65]. Ethanol is thought
to be a trigger for heat shock proteins that can promote proper protein folding [65, 200]. However,
the addition of ethanol did not lead to higher specific activities in our work. Other plant LOXs
heterologously expressed in bacteria (mostly E.coli) achieved specific activities of around
1.35 U-mg-! (Pisum sativum LOX) or 12.7 U-mg-1 of (0. sativa LOX) [196, 199]. In contrast, bacterial
Anabaena sp. PCC 7120 LOX yielded higher activities of 56.7 U-mg-! [202] (Table 13). It may be
beneficial that this LOX is bacterial and therefore closer related to E. coli, which was used as
expression host. Consequently, it may be advantageous for eukaryotic LOXs to use eukaryotic
expression systems such as yeasts. The fungal Mn-LOX from G. graminis was shown to be highly
glycosylated, so that expression in bacteria did not yield functional active enzyme. In contrast,
expression in the yeast P. pastoris resulted in high amount of soluble enzyme, reaching up to
30 mg-1'1[72]. Almost the entire enzyme was secreted into the supernatant facilitating
purification. Plant LOX were also expressed in yeast cells. L. esculentum LOX, for example, was
expressed in P. pastoris and secreted into the cultivation medium, reaching specific activities of
90 U-mg! in the enriched supernatant [203]. In contrast, secretion of heterologously expressed
pea seed LOX was not successful in expression experiments with S. cerevisiae and most enzyme
remained inactively inside the cells [204]. Surprisingly, the same enzyme was actively expressed
in E. coli [201]. In summary, expression in yeast cells can improve heterologous expression of

eukaryotic LOXs, but in some cases, bacterial expression systems seem to be superior.
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Table 13 Comparison of specific activities of lipoxygenases (LOX). CE: crude extract, SEC: size
exclusion chromatography and IEX: ion exchange chromatography.

Enzyme Specific Purification Enzyme Expression Reference
activity step origin system
[U-mg]
LOX-1 2.8 CE G. max E. coli This work
LOX-1 5.6 CE G. max E. coli [65]
L-2 LOX 12.7 CE 0. sativa E. coli [198]
Pea 9-/13- 1.35 CE P. sativum E. coli [201]
LOXN2
ana-LOX 56.7 Supernatant  Anabaena sp.  Bacillus [202]
PCC 7120 subtilis
Mn-LO 18 Secreted G. graminis P. pastoris [72]
TomloxD 90 Enriched L. esculentum P. pastoris [203]
supernatant
LOX-1 150 Affinity G. max E. coli This work
purification
LOX-1 193 SEC G. max E. coli [65]
purification
L-2 LOX 402 IEX 0. sativa E. coli [198]
purification
ana-LOX 442 Affinity Anabaena sp.  Bacillus [202]
purification PCC 7120 subtilis
LOX in 51 Enriched G. max - [167]
soybean flour
flour
SIGMA 6000 Enriched G. max - Sigma-
LOX-1 Aldrich

Metal affinity purification was performed for LOX-1 purification. Around 150 U-mg! were
obtained in the eluate fraction, corresponding to a 54-fold increase in specific activity compared
to the crude extract. In comparison, Steczko et al. obtained 193 U-mg-! LOX-1 through purification
with ion exchange chromatography (IEX) followed by size exclusion chromatography (SEC) [65]
(Table 13). Furthermore, 402 U-mg! were determined for O. sativa LOX, when purified with IEX
and 442 U-mg-! of Anabaena sp. PCC 7120 LOX were obtained after affinity purification [198, 202].
However, it must be considered that after purification of Anabaena sp. PCC 7120 only a yield of
5 % of the initial activity was retained [202].
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LOX-1 was found to be decomposed into several degradation fragments, which was proven by
Western blot using a specific LOX-1 antibody. Especially, a second strong protein band at around
70 kDa was visible on SDS-PAGE. Fragmentation of the enzyme resulted in a decrease of
full-length active enzyme by more than half. Often degradation of recombinant expressed proteins
is caused by endogenous proteases [205] and several protease inhibitors have been developed for
prevention. In this work, the addition of PMSF, a serine protease or a protease inhibitor mix
(cOmplete™ Mini, EDTA-free Protease Inhibitor Cocktail from Roche) was tested. However, no
decline in degradation could be observed. Similarly, proteolysis of heterologous expressed
Magnaporthe salvinii 9(S)-LOX could not be prevented by the addition of protease inhibitors
[206].

Around 51 U-mg-! lipoxygenase activity were observed in soybean flour extracts [167] and around
6000 U-mg! lipoxygenase activity in a commercial LOX-1 preparation from soybean (Sigma-
Aldrich) (Table 13). In contrast, the highest activity for LOX-1 after expression under optimized
conditions and purification was 150 U-mg-1. Thus, it seems that LOX-1 expression in E. coli does
not yield sufficient amounts of active enzyme. For this reason, all further experiments towards the

design of enzyme cascades were performed with commercial Sigma LOX-1.

4.2. Cloning and expression of plant-derived hydroperoxide lyases

Hydroperoxide lyases are plant enzymes that can either be obtained by purification from plant
material or by heterologous expression. However, in contrast to lipoxygenases, HPLs are only
expressed in small quantities in plants and are often membrane-associated [94]. In addition,
similar enzymes of the CYP74 enzyme family such as allene oxide synthases are present in the
plants, making separation of the structurally related enzymes difficult [39]. For this reason,
purification of HPL from plant material is often tedious and results in low yields. Hence,
heterologous expression of HPLs is often preferred over the use of plant material extraction and

was also followed in this work.

Four HPLs were selected for cloning and expression: HPL from guava, papaya, barley and
sorghum. A phylogenetic tree of known HPLs and the HPLs analyzed in this work was constructed
to illustrate the evolutionary relationship of HPLs (Fig. 38). Within the CYP74 protein family, the
CYP74B subgroup comprises 13-HPLs, whereas the CYP74C subgroup comprises 9/13-HPLs and
9-HPLs [39]. The phylogenetic tree shows that all HPLs expressed in this work belong to the
CYP74B subgroup of 13-HPLs, which are predicted to cleave 13(S)-HPODE and 13(S)-HPOTE.
Within the CYP74B subgroup, a division into two groups was recognized, one solely containing

HPLs from dicotyledons (e.g.,, HPLpg and HPLcp) and the other one only containing HPLs from
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monocotyledons (e.g., HPLuv and HPLsg). This explains the high sequence identities of HPLcp with
HPLpg and HPLsg with HPLyy.
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Fig. 38 Phylogenetic tree of HPL sequences with known HPLs from literature and HPLs analyzed
in this work (marked in boxes). A multiple alignment was performed with ClustalX and a
neighbor-joining tree was drawn with NJplot. The bootstrap value was set to 1000. The
incorporated HPLs including their accession numbers were: MT: Medicago truncatula
(1: CAC86898.1, 2: CAC86899.1, 3: AAY30368.1); CS: Cucumis sativus (1: AHC08715.1,
2: XP_004144503.1); PD: Prunus dulcis (CAE18065.1); PG: P. guajava (AAK15070.1); VV: Vitis
vinifera (NP_001268011.1); OE: O.europaea (ACD43482.1); SL: Solanum lycopersicum
(NP_001234420.2); CP: C. papaya (XP_021890218.1); AT: A. thaliana (AAC69871.1); MS: M. sativa
(CAB54847.1); MB: Musa balbisiana (THU49863.1); HV: H. vulgare (CAC82980.1); SB: S. biocolor
(0QU84187.1) and ZM: Zea mays (AAS47027.1). Figure modified and reproduced from [175] with
permission from Springer Nature.

Expression was performed with full-length HPLs, N-terminally truncated HPLs and NusA - HPL
fusion proteins. Full-length HPLs showed almost no activity, which is consistent with no or only
low activity described for other full-length HPLs [97, 103]. The N-terminus was considered to be

either a transit peptide or part of a post-translational regulation mechanism [97, 98]. An increase
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in activity was found for many HPLs upon deletion of the N-terminal sequence [103, 207] and was
confirmed in this work for papaya, barley and sorghum HPL. For papaya HPL, the initial specific
activity was increased 28.3-fold by the deletion of the N-terminus (Table 14). Fusion proteins can
improve the solubility of enzymes by enhancing proper folding of the target proteins [188, 189].
For guava HPL, for example, the activity was improved by N-terminal truncation and fusion with
the maltose binding protein MBP [103]. In this work, fusion of N-terminally truncated guava,
sorghum and papaya HPL to NusA did not result in increased activity. Only barley HPL showed a
4-fold higher activity as NusA - HPL fusion protein (Table 14). Since the overall activity of papaya
HPLcp.n was highest (0.85 U-mg-1), this HPL was selected for further experiments. The NusA fusion
protein showed a similar activity, however, the N-terminally truncated enzyme was preferred to

avoid undesired interference of the NusA protein in HPL characterization studies.

Compared with other HPLs that are heterologously expressed in bacterial hosts (mainly E. coli),
HPLcp.n exhibited a relatively high specific activity (Table 14). In contrast, HPL from Camellia
sinensis obtained a specific activity of 0.2 U-mg-! and HPL from Cucumis melo showed a specific
activity of 0.51 U-mg-! in the soluble fraction [208]. HPL from M. sativa had a specific activity of
0.62 U-mg! in the soluble fraction and 5.42 U-mg?! in the solubilized membrane fraction,
indicating enzyme insertion into the cytoplasmic membrane during expression in E. coli [97]. As
described for LOX expression, expression of eukaryotic HPLs in a prokaryotic expression strain
may be difficult and therefore several attempts have been made to express HPLs in yeast. For
secreted L. esculentum HPL, around 0.38 U-mg-! were obtained after expression with P. pastoris,
whereas for Citrullus lanatus HPL around 1.19 U-mg?! were obtained after expression in
S. cerevisiae [108, 153]. Furthermore, C. lanatus was expressed in N. tabacum, reaching a specific

activity of 1.47 U-mg-! in leaf extracts [110].

Table 14 Comparison of enzymatic activities of hydroperoxide lyases (HPL). SF: soluble fraction.

Enzyme Specific Purification Enzyme Expression Reference
activity step origin system
[U'mg?]
HPLcp 0.03 SF C. papaya E. coli This work
HPLcp-n 0.85 SF C. papaya E. coli This work
NusAHPLcpn  0.84 SF C. papaya E. coli This work
HPLuv.n 0.1 SF H.vulgare E. coli This work
NusAHPLuvn 0.41 SF H. vulgare E. coli This work
HPLpg.n 0.24 SF P. guajava E. coli This work
NusAHPLpecn 0.2 SF P. guajava E. coli This work
HPLsg.n 0.02 SF S. bicolor E. coli This work
NusAHPLsgn  0.03 SF S. bicolor E. coli This work
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Enzyme Specific Purification Enzyme Expression Reference
activity step origin system
[U'mg?]

CsHPL 0.2 SF C. sinensis E. coli [209]

CmHPL 0.51 SF C. melo E. coli [208]

CYP74Bv2-N 0.62 SF M. sativa E. coli [97]

CYP74Bv2-N 542 Solubilized M. sativa E. coli [97]
membrane
fraction

LeHPL 0.37 Secretion L. esculentum  P. pastoris [108]

CaHPL 0.15 Cellular Capsicum Y. lipolytica [210]
extract annum

CIHPL 1.19 SF C. lanatus S. cerevisiae [153]

CIHPL 1.47 Leaf extracts C. lanatus N. tabacum [110]

HPLcp-N 18.21 Affinity C. papaya E. coli This work
purification

CYP74Bv2-N 200 Affinity M. sativa E. coli [97]
purification

OeHPLwt 16.98 Affinity 0. europaea E. coli [105]
purification

HvHPL 1407 Affinity H. vulgare E. coli [107]
purification

CaHPL 2.94 Affinity C. annum Y. lipolytica [210]
purification

Expression of membrane proteins often leads to inclusion bodies and this was also observed for
HPLcp.n, which might be a membrane protein like guava HPLp¢ [84]. Membrane proteins are often
incorporated into the cytoplasmic membrane of E. coli. However, during strong overexpression,
the sec translocon, which is important for membrane incorporation of membrane proteins and for
translocation of secretory proteins, is rapidly saturated. This leads to misfolded proteins that
precipitate as inclusion bodies [172]. Consequently, overexpression of the desired protein should
be slowed down to avoid saturation of the sec translocon and to obtain more properly folded
protein. Tijet et al. circumvented this problem by omitting the inducer IPTG, resulting in less
inclusion bodies and more active guava HPL [84]. Specific derivatives of E. coli BL21(DE3) have
been developed for improved membrane protein expression and a positive effect was shown in
many examples [171, 172, 211]. The Walker strains C41(DE3) and C43(DE3) possess mutations

in the lacUV5 promoter region, which controls the expression of T7 RNA polymerase, which in
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turn transcribes the target gene [171, 172]. By slowing down the expression, the toxicity of the
targeted membrane proteins was reduced, resulting in more correct folded proteins.
Lemo21(DE3) is another derivative of BL21(DE3) with adjustable T7 RNA polymerase to optimize
the expression level of membrane proteins [172, 211]. Despite many positive examples [211], no
increase in active HPL¢p.y was achieved by expression in C41(DE3) and Lemo21(DE3) compared

with expression in BL21(DE3).

In contrast, a higher level of active HPLcp.x was achieved by changing the cultivation medium. A
six-fold higher volumetric activity was obtained with the autoinductive medium ZYM5052
containing §-aminolevulinic acid compared to the initially used LB medium. The increase in
activity can be attributed to higher cell density achieved by higher nutrient content. In contrast to
LB, ZYM5052 contains a trace metal mix and additional magnesium supply. Moreover, ZYM5052
is buffered and contains glycerol as additional carbon source. Although the complex medium TB
contains five times the amount of yeast extract and twice the amount of tryptone compared to
ZYM5052, lower yields of active HPLcp.n were obtained. Hence, the addition of the trace metal
solution as well as induction with lactose instead of IPTG seem to trigger HPL expression. The
addition of &-aminolevulinic acid as heme-precursor increased the activity, which can be
explained by the fact that HPL is a heme-containing enzyme and therefore adequate supply must

be ensured. This was also observed for HPLs from olive, bell pepper or sugar beet [104, 105, 207].

4.3. Purification and characterization of papaya HPLcp-n

Proteins that are incorporated into membranes can be extracted by the addition of detergents,
which mimic a membrane surrounding [96, 97, 212]. Several HPLs, e.g. from barrel medic, barley
or guava have been described to show higher activity in the soluble fraction when a detergent
such as Triton X-100, Brij99 or emulphogene was added [84, 107, 114]. For HPLcp.n, a buffer
without detergent resulted in only 14 % recovery of activity in the soluble fraction, whereas 85 %
of activity was recovered with a buffer containing the detergent Triton X-100. In addition to the
positive effect of detergents, the addition of a high salt concentration significantly increased the
activity of HPLcp.x. This effect has already been described for barley, olive or mint leaf HPLs [107,
112, 213].

Purification of histidine-tagged HPLcp.xn was performed chromatographically. Although several
purification conditions were tested, it was not possible to elute a completely pure HPLcp.n enzyme.
This might be a result of the relatively low overexpression of soluble HPL¢p.y, which makes
enrichment difficult. Problems with affinity purification were also reported for other HPLs. For
example, heterologously expressed HPLs from Vitis vinifera or O. sativa could not be enriched to

yield pure elution bands [77, 214]. Purification of HPLcp.x might be improved by additional
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purification steps such as a size exclusion chromatography. However, due to low amounts of active
HPLcp-n obtained after affinity purification, further purification steps were not incorporated.
Instead, the enzyme was used with an estimated purity of 70 % for the enzyme cascade
developments. A specific activity of 18.21 U-mg! was measured in the eluate fraction. In
comparison, 16.98 U-mg! were reported for purified O.europaea HPL [105], 2.94 U-mg! for
purified C. annum HPL [210] and 200 U-mg-! for purified M. sativa HPL [97] (Table 14). Koeduka
et al. even reached 1407 U-mg! for purified full-length barley HPL [107]. These activities are
surprisingly high, since we only obtained very low activity for full-length barley HPL in the crude

extract (0.04 U-mg-1) and therefore decided not to purify the enzyme.

The native molecular weight of HPLcp.n correlates with the tertiary structure of a tetramer upon
comparison to its calculated molecular weight. This corresponds to the published tetrameric
structures of HPLs from soybean, guava or sunflower [84, 85, 215]. In contrast, a trimeric

confirmation was predicted for HPLs from tomato leaves and green bells [86, 216].

Many HPLs have a strong preference for 13(S)-HPOTE compared to 13(S)-HPODE as substrate.
HPL from Solanum tuberosum, for example, possesses a 28-fold higher catalytic efficiency
(keat/Km) with 13(S)-HPOTE than with 13(S)-HPODE [111]. HPL from Medicago truncatula shows
a 5.3-fold higher and HPL from O. europaea a 5.5-fold higher catalytic efficiency [105, 114]. In this
work, HPLcp.y was found to exhibit only a 1.5-fold higher catalytic efficiency for 13(S)-HPOTE
compared to 13(S)-HPODE. Compared to other HPLs, the relative catalytic efficiency for
13(S)-HPODE is high, making papaya HPL a suitable enzyme for the biocatalytic route starting

from linoleic acid.

The reaction of HPL was found to proceed very rapidly, leading to hexanal and unstable
12-0x0-9(Z)-dodecenoic acid. Time-dependent experiments showed that a maximum of
12-0x0-9(Z)-dodecenoic acid was reached within 10 sec, when the soluble fraction was used as
HPLcpn source. Over the next 120 min, it declined almost completely, while its isoform
12-0x0-10(F)-dodecenoic acid, also known as traumatin, increased to 10 % of the initial substrate
concentration. Part of the other 90 % 12-o0x0-9(Z)-dodecenoic acid might be degraded into
smaller products, converted to 12,12-dihydroxy-9(Z)-dodecenoic acid as described by Grechkin

et al. [74] or react with amine residues of proteins forming Schiff bases.

Traumatin, as well as its derivative traumatic acid are plant wound hormones [26], whereas
12-0x0-9(Z)-dodecenoic acid is believed to be the transient intermediate for the synthesis of its
10(E) isoform. Grechkin and Hamberg suggested a keto-enol tautomerism as mechanism for
12-0x0-10(E)-dodecenoic acid formation [83]. For alfalfa HPL, a 3Z:2E-enal isomerase was
proposed as isomerization factor for the formation of traumatin [100]. We could demonstrate that
the decrease of 12-0x0-9(Z)-dodecenoic acid significantly slowed down when purified enzyme
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was used instead of the protein-rich soluble fraction. For this reason, we suggest that high protein
concentrations can also lead to non-selective formation of traumatin (Fig. 39). A Schiff base may
be formed with lysine residues of protein rich fractions and traumatin formation may proceed via
imine-enamine tautomerism. Hence, fast reaction setup and enzyme purification is necessary to

achieve high yields of 12-0x0-9(Z)-dodecenoic acid.
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Fig. 39 Formation of 12-0x0-10(E)-dodecenoic acid (traumatin). Traumatin might be either built
through (a) keto-enol tautomerism or (b) Schiff base formation, exemplified with a lysine residue
(Lys), followed by (c) imine-enamine tautomerism. Figure reproduced from [175] with
permission from Springer Nature.

4.4. Comparison of w-TAs for the amination of 12-oxododecenoic acid and

hexanal

w-Transaminases can convert a variety of aldehydes and ketones, including 12-oxododecanoic
acid to 12-aminododecanoic [13, 165, 217]. In contrast, the unsaturated form has not yet been
tested as substrate. In this work, seven w-TAs were screened for their ability to transaminate the
unsaturated 12-o0x0-9(Z)-dodecenoic acid and 12-oxo0-10(E)-dodecenoic acid. For this, w-TAs
from C. violaceum (TRcv) and P. denitrificans (TRpp) were chosen since they have been proved to
convert aliphatic medium- to long-chain aldehydes [14, 166]. TRap from A. denitrificans and TRsp
from S. delicatus were identified with a BLAST search for putative new homologs of TRcy. The
affinity-purified w-TAs from Acidihalobacter sp. (TR:z) and uncultured Rhodobacteraceae
bacterium (TR3; and TR¢) were obtained from Prof. Manuel Ferrer (CSIC Madrid, Spain) and have

previously been shown to be active on hexanal [168].

The w-transaminases were analyzed based on their sequences and outlined in a phylogenetic tree
together with known w-TAs from literature to determine phylogenetic relations (Fig. 40). The

diagram shows that the w-TAs used in this work are widely distributed among the w-TAs. TRcv
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and TRap, both belonging to the Chromobacteriaceae family are related close to each other and
share a sequence identity of 81 % (Table 12, Fig. 40). In contrast, TRep, TRsp, TRz and TR that all
belong to the Rhodobacteraceae family are phylogenetically more distant to each other. TR3, for
example, only shares a sequence identity of 32 % to TRep, 35 % to TRsp and 34 % to TRe. TR2
belongs to the Ectothiorhodospiraceae family and shares sequence identities between 35 to 60 %
to the other w-TAs studied. Furthermore, w-TAs differ in terms of their amino acid sequences in
the binding pockets. Rausch et al. predicted 17 amino acids to be involved in substrate binding,
including 12 in the large (L)-pocket, four in the small (S)-pocket and a highly conserved lysine for
PLP binding [124]. A multiple sequence alignment was performed (Fig. A32), revealing that TRap
shares all 17 amino acids with TRcy, whereas TRsp, TRpp, TRz and TR¢ share 14 and TR3 shares only
ten amino acids. This is in consistency with the results of the phylogenetic analyses demonstrating
that TRcv is most closely related to TRap (Table 12, Fig. 40). TRsp, TRz and TRe are phylogenetically
more distant to TRcy and share approximately 55 % sequence identity, whereas TRpp and TR3

share approximately 35 % sequence identity to TRcy.
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Fig. 40 Phylogenetic neighbor-joining tree of w-transaminases, tested in this study (marked in
red). A neighbor-joining tree was drawn with N]plot with a bootstrap value of 1000. The following
w-TAs were selected for the tree: TR_AD: A. denitrificans (WP_159877958.1); TR_CV: C. violaceum
(WP_011135573.1); TR_PD: P. denitrificans (ABL72050.1); TR_SD: S. delicatus
(WP_093738538.1); TR1: Pseudomonas sp. (MF158200); TR2: Acidihalobacter sp. (MH588437);
TR3: uncultured Rhodobacteraceae bacterium (MF158202); TR4: uncultured Rhodobacteraceae
bacterium (MF158203); TR5: uncultured Rhodobacteraceae bacterium (MF158204); TRé:
uncultured Rhodobacteraceae bacterium (MF158205); TR7: uncultured Rhodobacteraceae
bacterium (MF158206); TR8: Amphritea sp. (MF158207); TR from Pseudomonas sp. AAC
(KES23458.1, KES23360.1 and KES24511.1); TR from Mesorhizobium loti (WP_010909990.1); TR
from Vibrio fluvialis (AEA39183.1); TR from P. putida (WP_016502144.1); TR from Agrobacterium
tumefaciens (WP_010972924.1) and TR from S. pomeroyi (WP_011049154.1). Figure reproduced
from [190] with permission from Springer Nature.

TRap, TRcy, TRpp and TRsp were successfully expressed in E. coli and purified by affinity
chromatography. In contrast to LOX and HPL, strong overexpression and high purity of the eluted
proteins were obtained. This could be due to the different origin of the enzymes. While

lipoxygenase and hydroperoxide lyases studied are plant enzymes, the w-TAs studied are of
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bacterial origin and hence closer related to the E. coli expression host. High protein concentrations
of the pure w-TAs were obtained in the eluate fractions with 2.1 mg-ml-! for TRpp, 2.8 mg-ml-! for
TRsp, 5.1 mg-ml! for TRap and 13.9 mg-ml-! for TRcy. Expression of other bacterial w-TAs was
frequently performed in E. coli, often resulting in highly overexpressed soluble enzyme [135, 168,
218]. In addition, purification of bacterial w-TAs appears to be comparatively simple, mostly

resulting in pure eluates [168, 218].

According to photometrical analysis, all purified w-TAs were active with the aliphatic aldehyde
hexanal and 12-oxododecenoic in its 9(Z) and 10(E) configuration. The highest activities were
measured for six of the seven w-TAs with the substrate hexanal. Only TRpp showed slightly higher
activity with 12-ox0-9(Z)-dodecenoic acid. Since the double bond of the oxo acids is located near
the aldehyde group, it was not clear whether the w-TAs would accept it as a substrate. We have
now demonstrated that the double bond does not affect the reactivity of the w-TAs and the 9(Z2)
or 10(E) configuration does not influence activity of most w-TAs significantly. Only in the case of
TRpp and TR, significantly higher activities toward the 9(Z) isomer than toward the 10(E) isomer
were found. Previous work has been done for the conversion of the saturated 12-oxododecanoic
acid to 12-aminododecanoic acid in enzyme cascades [13, 164, 217]. However, no specific
activities for the sole reaction were given for comparison with our work. Coscolin et al. have
measured the specific activities for hexanal from ten w-TAs, including TRz, TRz and TRs with
0.63 U-mg, 0.97 U-mg! and 0.42 U-mg1l. These measurements differ from this work where the
enzymes exhibited 0.47 U-mg-1, 0.29 U-mg-! and 1.01 U-mg-1. However, it must be considered that
Coscolin et al. used 2-(4-nitrophenyl)ethan-1-amine as amine donor and reactions were
conducted at 40 °C, whereas the reactions of this work were performed with L-alanine as amine
donor and were carried out at 22 °C. Hence, a comparison is only possible to a limited extent. In
this work, highest specific activity toward hexanal as well as 12-oxododecenoic acid in both the
9(Z)- and 10(E) configuration was measured for A. denitrificans TRap. This enzyme, which has not
yet been characterized, thus appears to be well suited for the transamination of aliphatic

aldehydes.

Only an indirect proof of reaction was possible with the photometric assay. For direct analysis of
12-aminododecenoic acid formation, further methods of the product were required. Since
12-Aminododecenoic acid is poorly soluble, both in aqueous solutions and in organic solvents, the
development of a suitable analytical method was difficult. The GC analysis previously conducted
for monitoring of the HPL reaction did not work for the w-TA reaction. 12-Aminododecenoic acid
remained in the aqueous phase during solvent extraction. Evaporation of the aqueous phase and
further dissolution in a solvent also failed. Consequently, a new analytical method was developed

using HPLC and LC-MS. Here, 100 pl of the reaction mixture was diluted directly in 900 ul of an
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acetonitrile:water mixture, bypassing solvent extraction. This way, the formation of 12-

aminododecenoic acid and hexylamine could be verified by HPLC and LC-MS analyses.

Around 47 % 12-aminododecenoic acid was obtained after 1 hour reactions with TRap. However,
the yield could not be increased by prolonged reaction times of up to five hours. Changing the
incubation temperature or adding DMSO, both of which have been described as enhancers of the
enzyme reaction [168], failed to increase the yield of 12-aminododecenoic acid. This indicates that
an equilibrium was reached under the given substrate and cosubstrate concentrations. That is a
common problem in w-TA reactions, often caused by an undesirable equilibrium between
L-alanine and pyruvate, so that the theoretical yield of 100 % cannot be achieved [141]. Several
methods have been developed in recent years to circumvent this issue. The amine donor can be
added in high stoichiometric excess, the carbonyl by-product can be removed or the carbonyl by-
product can be reaminated to the amine donor [140, 219]. Although, a 20-fold higher amount of
L-alanine was applied compared to the aldehyde substrate (50 mM compared to 2.5 mM), only
around 50 % of 12-aminododecenoic acid were obtained. Hence, future experiments might be

performed to establish an alanine regeneration system.

4.5. Challenges and opportunities of enzyme cascades targeting 12-oxo-

and 12-aminododecenoic acid synthesis

The use of enzyme cascades offers many advantages over separate enzyme reactions. These
include reduced process and purification steps and a shift of unfavorable reaction equilibria
towards the desired product [220]. In the past, lipases, lipoxygenases, hydroperoxide lyases and
w-transaminases have been applied in enzyme cascades. Lipoxygenases were successfully
coupled with lipases for combined oil hydrolysis with subsequent hydroperoxidation [167, 221,
222]. Furthermore, LOX and HPL were used in tandem for the synthesis of green note aromas
[151, 152]. One-pot reactions have been conducted with Nicotiana benthamiana 9-LOX and
watermelon 9/13-HPL, yielding 64 % of Co-aldehydes from linoleic acid [151]. Furthermore, a
Y. lipolytica double mutant was engineered with soybean lipoxygenase and green bell pepper
hydroperoxide lyase for the synthesis of hexanal, reaching a concentration of 189 mg-1-1 [223]. In
another attempt, Otte et al. combined 9-LOX and 9/13-HPL for the synthesis of 9-oxononanoic
acid [208]. Furthermore, they developed an E. coli whole-cell biocatalyst in which the cascade was
extended with endogenous oxidoreductases for oxidation of the Co aldehyde to azelaic acid. The
dicarboxylic acid is an interesting polyamide and polyester building block [224]. Moreover,
one-pot reactions were performed with w-TAs for the synthesis of polyamide precursors. For
example, an alcohol dehydrogenase was coupled with a Baeyer-Villiger monooxygenase, an

esterase and a w-TA from Silicibacter pomeroyi for the conversion of 12-hydroxystearic acid to
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11-aminoundecanoic acid [13]. Furthermore, Schrewe et al. developed an engineered biocatalyst
using the alkane monooxygenase AIKBGT with a w-TA for the synthesis of 12-aminododecanoic
acid methyl ester [14]. In addition, an alanine regeneration system was applied to ensure
sufficient cosubstrate supply and the outer membrane protein AIKL as well as the alcohol
dehydrogenase Alk] were overexpressed for enhanced substrate uptake and increased alcohol

oxidation [11, 15].

Despite the variety of one-pot reactions and whole-cell reactions, to our knowledge, coupling of
oxylipin pathway enzymes with a w-TA has not been shown before. Issues for the enzyme cascade
developments were the differences of the enzymes regarding optimum reaction conditions, a
limited availability of HPL and low stability of the highly reactive intermediates. HPL could only
be obtained in limited amounts, so the cascade reactions were conducted on a small scale. For this
reason, no active O, gassing was applied, resulting in a limitation of the LOX reaction.
Consequently, a decrease in 13(S)-HPODE yield from 80 to 27 % was detected when the substrate
concentration was increased from 1 to 5 mM linoleic acid. This was probably caused by O
deficiency as described before [167]. For all coupled one-pot reactions, a consecutive addition of
enzymes was preferable over simultaneous addition. This was previously reported for one-pot
reactions with 9(5)-LOX from S. tuberosum and 9/13-HPL from Cucumis melo for the synthesis of
9-oxononanoic acid and 3(Z)-nonenal [208]. Again, the yield was significantly increased by
consecutive addition of enzymes instead of simultaneous addition. 12-0x0-9(Z)-dodecenoic acid
is unstable and rapidly converted to 12-ox0-10(E)-dodecenoic acid [74], especially in presence of
high protein concentration. Hence, in cascade reactions, lipase and LOX-1 were pre-incubated
with the substrate before addition of HPLcp.y only 1 to 15 min prior analysis. Like this, the yield of
12-0x0-9(Z)-dodecenoic acid could be preserved. This reaction setup is also favorable for the HPL
enzyme, since it gets deactivated very quickly [107]. Thus, addition of high HPL concentration for
fast catalysis is preferable to addition of low concentration and slow catalysis. For further
transamination, a rapid conversion of 12-0x0-9(Z)-dodecenoic acid to 12-aminododecenoic acid
is important. In one-pot reactions with TRap, this was achieved by a prior addition of TRap and a
stepwise addition of HPLcp.n gradually, thereby circumventing the fast degradation of the

products.

In general, three-enzyme cascade reactions resulted in lower yields than two-enzyme reactions.
For a coupled lipase - LOX - HPL reaction, the yield of 12-0x0-9(Z)-dodecenoic acid was 32 %
lower than for a coupled LOX - HPL reaction. The same was observed for coupled w-transaminase
reactions, where the yield of 12-aminododecenoic acid was reduced by 80 % from a coupled HPL
- w-TA reaction to a coupled LOX - HPL - w-TA reaction. To further optimize the three-enzyme
reactions and to establish a four-enzyme reaction with lipase - LOX - HPL - w-TA, the reactions

should be optimized to obtain higher yields. This could be achieved, for example, by larger
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reaction setups with external O; addition to increase the conversion rate of the lipoxygenase
reaction. Moreover, whole-cell biocatalysts could be developed to circumvent the problems of
in-vitro one-pot enzyme reactions. For this, the use of Y. lipolytica yeast as expression strain could
be beneficial because it can grow on fatty acids and oils and use them as sole carbon source [225].
Moreover, the addition of an alanine and PLP regeneration system could promote high synthesis
of 12-aminodeocenoic acid by bypassing the unfavorable balance of alanine and pyruvate. Whole-
cell biocatalysts with the alkane monooxygenase AIKBGT and w-TA from C. violaceum yielded up
to 96.5 % 12-aminododecanoic acid after implementation of a cofactor regeneration system [11,
15]. Hence, his could also promote the yield of 12-aminododecenoic acid in LOX, HPL and w-TA

cascades.
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6. Appendix

>L0X-1

MHHHHHHFSAGHKIKGTVVLMPKNELEVNPDGSAVDNLNAFLGRSVSLQLISATKADAHGKGKVGKDTFLEGINT
SLPTLGAGESAFNIHFEWDGSMGIPGAFYIKNYMQVEFFLKSLTLEAISNQGTIRFVCNSWVYNTKLYKSVRIFFAN
HTYVPSETPAPLVSYREEELKSLRGNGTGERKEYDRIYDYDVYNDLGNPDKSEKLARPVLGGSSTFPYPRRGRTGRG
PTVTDPNTEKQGEVFYVPRDENLGHLKSKDALEIGTKSLSQIVQPAFESAFDLKSTPIEFHSFQDVHDLYEGGIKLPR
DVISTIIPLPVIKELYRTDGQHILKFPQPHVVQVSQSAWMTDEEFAREMIAGVNPCVIRGLEEFPPKSNLDPAIYGDQ
SSKITADSLDLDGYTMDEALGSRRLFMLDYHDIFMPYVRQINQLNSAKTYATRTILFLREDGTLKPVAIELSLPHSA
GDLSAAVSQVVLPAKEGVESTIWLLAKAYVIVNDSCYHQLMSHWLNTHAAMEPFVIATHRHLSVLHPIYKLLTPHY
RNNMNINALARQSLINANGIIETTFLPSKYSVEMSSAVYKNWVFTDQALPADLIKRGVAIKDPSTPHGVRLLIEDYP
YAADGLEIWAAIKTWVQEYVPLYYARDDDVKNDSELQHWWKEAVEKGHGDLKDKPWWPKLQTLEDLVEVCLIII
WIASALHAAVNFGQYPYGGLIMNRPTASRRLLPEKGTPEYEEMINNHEKAYLRTITSKLPTLISLSVIEILSTHASDE
VYLGQRDNPHWTSDSKALQAFQKFGNKLKEIEEKLVRRNNDPSLQGNRLGPVQLPYTLLYPSSEEGLTFRGIPNSIS

I*
>lox-1 codon-optimized

CATATGCATCATCATCATCACCATTTTAGTGCAGGTCATAAAATTAAGGGTACAGTGGTGCTGATGCCGAAAAAT
GAACTGGAAGTTAATCCGGATGGTAGTGCCGTTGATAATCTGAATGCATTTCTGGGCCGTAGTGTGAGCCTGCAG
CTGATTAGTGCCACCAAAGCCGATGCCCATGGTAAAGGCAAAGTTGGCAAAGATACCTTTCTGGAAGGCATTAAT
ACCAGCCTGCCGACCCTGGGTGCCGGTGAAAGTGCCTTTAATATTCATTTTGAATGGGATGGTAGCATGGGTATT
CCGGGTGCCTTTTATATTAAGAATTATATGCAGGTGGAGTTCTTTCTGAAAAGCCTGACCCTGGAAGCCATTAGC
AATCAGGGTACAATTCGCTTTGTGTGTAATAGTTGGGTGTATAATACCAAACTGTATAAAAGCGTTCGCATTTTC
TTTGCCAATCATACCTATGTTCCGAGTGAAACCCCGGCCCCGCTGGTTAGTTATCGCGAAGAAGAACTGAAAAGC
TTACGCGGTAATGGCACCGGCGAACGTAAAGAATATGATCGCATCTATGATTATGACGTTTATAATGATCTGGGT
AATCCGGATAAAAGCGAAAAACTGGCCCGCCCGGTGCTGGGTGGTAGTAGCACCTTTCCGTATCCGCGCCGCGGCC
GTACCGGTAGAGGTCCTACCGTGACCGATCCGAATACCGAAAAACAGGGCGAAGTTTTCTATGTTCCGCGCGATG
AAAATCTGGGCCATCTGAAAAGTAAAGATGCACTGGAAATTGGTACAAAAAGTCTGAGCCAGATTGTTCAGCCGG
CCTTTGAAAGTGCCTTCGATCTGAAAAGTACCCCGATTGAATTTCATAGCTTTCAGGATGTTCATGATCTGTATG
AAGGCGGTATTAAGCTGCCGCGCGATGTGATTAGCACCATTATTCCGCTGCCGGTTATTAAGGAACTGTATCGCA
CCGATGGTCAGCATATTCTGAAATTTCCGCAGCCGCATGTTGTTCAGGTGAGCCAGAGCGCCTGGATGACCGATG
AAGAATTTGCCCGCGAAATGATTGCCGGTGTTAATCCGTGCGTGATTCGCGGTCTGGAAGAATTTCCGCCGAAAA
GCAATCTGGACCCTGCAATCTATGGCGATCAGAGCAGTAAAATTACCGCAGATAGTCTGGATCTGGATGGTTATA
CCATGGATGAAGCCCTGGGTAGCCGCCGCCTGTTTATGCTGGATTATCATGATATTTTCATGCCGTATGTGCGTCA
GATTAATCAGCTGAATAGTGCAAAAACCTATGCCACCCGCACCATTCTGTTTCTGCGTGAAGATGGCACCCTGAA
ACCGGTTGCCATTGAACTGAGCCTGCCGCATAGCGCAGGTGACCTGAGTGCAGCCGTGAGCCAGGTTGTGCTGCCG
GCAAAAGAAGGTGTTGAAAGTACCATTTGGCTGCTGGCAAAAGCCTATGTTATTGTGAATGATAGCTGCTATCAT
CAGCTGATGAGCCATTGGCTGAATACCCATGCCGCCATGGAACCGTTTGTTATTGCAACCCATCGCCATCTGAGTG
TGCTGCATCCGATCTATAAACTGCTGACCCCGCATTATCGCAATAATATGAATATTAACGCCCTGGCCCGTCAGAG
TTTAATTAATGCCAATGGTATTATCGAGACCACCTTTCTGCCGAGCAAATATAGCGTTGAAATGAGCAGCGCCGT
TTATAAAAATTGGGTTTTTACCGATCAGGCACTGCCGGCAGATCTGATTAAGCGTGGCGTTGCAATTAAGGACCC
TAGTACCCCGCATGGCGTGCGTCTGCTGATTGAAGATTATCCGTATGCCGCCGATGGTCTGGAAATTTGGGCCGCC
ATTAAGACCTGGGTTCAGGAATATGTGCCGCTGTATTATGCACGCGATGATGATGTTAAAAATGATAGTGAACTG
CAGCATTGGTGGAAAGAAGCCGTGGAAAAAGGTCATGGTGACCTGAAAGATAAACCGTGGTGGCCGAAACTGCAG
ACCCTGGAAGATCTGGTGGAAGTTTGTCTGATTATTATTTGGATTGCAAGCGCACTGCATGCAGCCGTGAATTTT
GGTCAGTATCCGTATGGTGGCCTGATTATGAATCGCCCGACCGCCAGTCGCCGCCTGCTGCCTGAAAAAGGCACCC
CGGAATATGAAGAAATGATTAATAATCACGAGAAGGCATATCTGCGCACCATTACCAGCAAACTGCCGACCTTAA
TTAGTCTGAGCGTGATTGAAATTCTGAGCACCCATGCCAGCGATGAAGTGTATCTGGGCCAGCGTGATAATCCGC
ATTGGACCAGCGATAGTAAAGCACTGCAGGCATTTCAGAAATTTGGTAATAAGCTGAAAGAGATTGAGGAAAAA
CTGGTTCGCCGTAATAATGATCCGAGCCTGCAGGGTAATCGTCTGGGCCCGGTTCAGCTGCCGTATACCCTGCTGT
ATCCGAGCAGTGAAGAAGGCTTAACCTTTCGTGGCATTCCGAATAGTATTAGTATTTAAGGATCC

Fig. A 1 LOX-1 protein sequence and codon-optimized lox-1 gene sequence with His6-tag marked
in grey and restriction sites underlined.
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HPLcp MMMKLMNISPTMSSPSSPPSSSPLASNSISTPPSSALPLRTIPGSYGWPLLGPLSDRLDY 60
BAOSar o LPIRNIPGNYGLPIVGPIKDRWDY 24

Ak ek khkk hkk ke o kko * Kk kK

HPLcp FWEFQGPETFFRKRMEKNKSSVFRTNVPPSFPFFLDVNPNVIAVLDVKSFSHLFDLEIVEK 120

AOSar FYDQGAEEFFKSRIRKYNSTVYRVNMPPGA--FIAENPQVVALLDGKSFPVLFDVDKVEK 82
*: * kK **:.*:'* :*:*:*.*:**' *: **:*:*:** * % % ***:: * K x

HPLcp KDVLVGSEFVPSTRFTGDVRVGVYLDTAEPKHSEVKNLTMELLQRGSKVWQSELLSNLDKM 180

AOSar KDLFTGTYMPSTELTGGYRILSYLDPSEPKHEKLKNLLFFLLKSSRNRIFPEFQATYSEL 142
**::'*:::***':**' *: * % % :****.::*** H **: . H *: . ..

HPLcp WDMVEATVAEKGKATYLGPLQQCIFNFIMKALAGIDPAVSPQIANSGYIMLDRWLFLQLL 240

AOSar FDSLEKELSLKGKADFGGSSDGTAFNFLARAFYGTNPADTKLKADAPG-LITKWVLEFNLH 201
HE R R KA sk ok kR *i HEE A

HPLcp PTVNIGILQPLEEIFLHSWAYPFFLVRNDYKNLYDFIKQONGKEVLQIAETKFGLTEEETI 300

AOSar PLLSIGLPRVIEEPLIHTFSLPPALVKSDYQRLYEFFLESAGEILVEAD-KLGISREEAT 260
Ko kK oRR ok R Rk kg kkpkr L Rk kR Rk Xk

HPLcp HNLLFVIGFNAFGGFSVFLPSLLDAISSDQTGLODKLKKEVREHSVPGSG-LDFETMSKM 359

AOSar HNLLFATCENTWGGMKILFPNMVKRIGRAGHQVHNRLAEEIRSVIKSNGGELTMGAIEKM 320
R R I S - HE I O R A

HPLcp ELVKSVVYEALRFKPPVPTQYGRARKDFRLTSHDSVYDIKKGELLCGFQPLVMRDPEVFED 419

AOSar ELTKSVVYECLRFEPPVTAQYGRAKKDLVIESHDAAFKVKAGEMLYGYQPLATRDPKIFD 380
**.******'***:*** :*****:**: H ***:':':* **:* *:***_ ***::**

HPLcp EPEKFKPDRFLG-EGSKLLSYLYWSNGPQTGSPSESNKQCAAKEVVPLTACLVVAHLFLR 478

AOSar RADEFVPERFVGEEGEKLLRHVLWSNGPETETPTVGNKQCAGKDFVVLVARLEFVIEIFRR 440

::* *:**:* **'*** [ *****:* :*: '*****'*:.* *.* *.* ':* *
HPLcp YEKISGGSGSITALEKTK 496
AOSar YD-——————————————— 442

Fig. A 2 Alignment of A. thaliana AOS,r (PDB number: 3CLI) as template and C. papaya HPLcp
model. The alignment was performed with the Swiss-model program [90] to generate a protein
structure model for HPLcp on the basis of the crystal structure of AOSar.
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>HPLpg

MARVVMSNMSPAMSSTYPPSLSPPSSPRPTTLPVRTIPGSYGWPLLGPISDRLDYFWFQGPETFFRKRIEKYKSTVF
RANVPPCFPFFSNVNPNVVVVLDCESFAHLFDMEIVEKSNVLVGDFMPSVKYTGNIRVCAYLDTSEPQHAQVKNFA
MDILKRSSKVWESEVISNLDTMWDTIESSLAKDGNASVIFPLQKFLFNFLSKSIIGADPAASPQVAKSGYAMLDRWL
ALQLLPTINIGVLQPLVEIFLHSWAYPFALVSGDYNKLYQFIEKEGREAVERAKAEFGLTHQEAIHNLLFILGFNAFG
GFSIFLPTLLSNILSDTTGLQDRLRKEVRAKGGPALSFASVKEMELVKSVVYETLRLNPPVPFQYARARKDFQLKSH
DSVFDVKKGELLCGYQKVVMTDPKVFDEPESFNSDRFVQNSELLDYLYWSNGPQTGTPTESNKQCAAKDYVTLTA
CLFVAYMFRRYNSVTGSSSSITAVEKANHHHHHH*

>hplpc codon-optimized

CATATGGCGAGGGTCGTGATGAGCAACATGTCGCCGGCCATGTCGTCCACCTACCCCCCGTCTCTGTCCCCGCCGT
CGTCGCCGCGGCCGACCACCCTGCCTGTTCGCACCATTCCGGGTAGCTATGGTTGGCCGCTGCTGGGTCCGATTAG
TGATCGTCTGGATTATTTTTGGTTTCAGGGCCCGGAAACCTTTTTCCGCAAACGCATTGAAAAATATAAGAGCAC
CGTTTTTCGCGCCAATGTGCCGCCGTGTTTTCCGTTTTTCAGCAATGTTAATCCGAATGTTGTTGTGGTGCTGGAT
TGCGAAAGCTTTGCCCATCTGTTTGATATGGAAATTGTTGAAAAGAGCAACGTTCTGGTTGGCGATTTTATGCCG
AGCGTTAAATATACCGGTAATATTCGCGTGTGCGCCTATCTGGATACCAGCGAACCGCAGCATGCACAGGTTAAA
AATTTTGCCATGGATATTCTGAAGCGTAGTAGCAAAGTTTGGGAAAGCGAAGTTATTAGTAATCTGGATACCATG
TGGGATACCATTGAAAGCAGCCTGGCCAAAGATGGCAATGCAAGTGTTATTTTTCCGCTGCAGAAATTTCTGTTT
AATTTTCTGAGTAAGAGCATCATTGGTGCAGATCCGGCAGCAAGCCCGCAGGTGGCCAAAAGCGGCTATGCAATG
CTGGATCGTTGGCTGGCACTGCAGCTGCTGCCGACCATTAATATTGGTGTTCTGCAGCCGCTGGTTGAAATTTTTC
TGCATAGCTGGGCATATCCGTTTGCACTGGTTAGCGGTGACTATAATAAGCTGTATCAGTTTATTGAGAAGGAAG
GTCGTGAAGCCGTGGAACGTGCAAAAGCCGAATTTGGTCTGACCCATCAGGAAGCCATTCATAATCTGCTGTTTA
TTCTGGGTTTTAATGCATTTGGCGGCTTTAGTATTTTTCTGCCGACCCTGCTGAGTAATATTCTGAGTGATACCAC
CGGCCTGCAGGATCGTCTGCGCAAAGAAGTTCGCGCAAAAGGCGGTCCGGCCCTGAGCTTTGCCAGCGTGAAAGA
AATGGAACTGGTGAAAAGCGTTGTGTATGAAACCCTGCGCCTGAATCCGCCGGTGCCGTTTCAGTATGCACGTGC
CCGCAAAGATTTTCAGCTGAAAAGCCATGATAGCGTTTTTGATGTGAAAAAAGGCGAACTGCTGTGTGGTTATCA
GAAAGTGGTTATGACCGATCCGAAAGTGTTTGATGAACCGGAAAGTTTTAATAGTGATCGCTTTGTTCAGAATAG
CGAACTGCTGGATTATCTGTATTGGAGCAATGGTCCGCAGACCGGTACACCGACCGAAAGCAATAAGCAGTGTGC
CGCAAAAGATTATGTGACCCTGACCGCCTGCCTGTTTGTTGCCTATATGTTTCGTCGTTATAATAGCGTGACCGGT
AGCAGCAGCAGCATTACCGCAGTTGAAAAAGCCAATCATCATCATCATCACCATTAAGGATCC

Fig. A 3 Guava HPLp¢ protein sequence and codon-optimized hplp; gene sequence with His6-tag
marked in grey and restriction sites underlined. The N-terminal sequence that was truncated in
the “~N”-enzyme is written in red.
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>HPch

MMMKLMNISPTMSSPSSPPSSSPLASNSISTPPSSALPLRTIPGSYGWPLLGPLSDRLDYFWFQGPETFFRKRMEKN
KSSVFRTNVPPSFPFFLDVNPNVIAVLDVKSFSHLFDLEIVEKKDVLVGSFVPSTRFTGDVRVGVYLDTAEPKHSEVK
NLTMELLQRGSKVWQSELLSNLDKMWDMVEATVAEKGKATYLGPLQQCIFNFIMKALAGIDPAVSPQIANSGYIM
LDRWLFLQLLPTVNIGILQPLEEIFLHSWAYPFFLVRNDYKNLYDFIKQNGKEVLQIAETKFGLTEEETIHNLLFVIG
FNAFGGFSVFLPSLLDAISSDQTGLQDKLKKEVREHSVPGSGLDFETMSKMELVKSVVYEALRFKPPVPTQYGRARK
DFRLTSHDSVYDIKKGELLCGFQPLVMRDPEVFDEPEKFKPDRFLGEGSKLLSYLYWSNGPQTGSPSESNKQCAAK
EVVPLTACLVVAHLFLRYEKISGGSGSITALEKTKHHHHHH*

>hplcp codon-optimized

CATATGATGATGAAGCTGATGAATATCAGTCCGACCATGAGTAGCCCGAGCAGCCCGCCGAGTAGTAGCCCGCTG
GCCAGTAATAGCATTAGCACCCCGCCGAGCAGTGCACTGCCGCTGCGTACCATTCCGGGCAGCTATGGCTGGCCGC
TGCTGGGTCCGCTGAGCGATCGCCTGGATTATTTTTGGTTTCAGGGTCCGGAAACCTTTTTCCGTAAACGCATGGA
AAAGAATAAGAGCAGCGTTTTTCGTACCAATGTGCCGCCGAGCTTTCCGTTTTTCCTGGATGTGAATCCGAATGT
TATTGCCGTTCTGGATGTTAAAAGCTTTAGCCATCTGTTTGATCTGGAAATTGTGGAAAAGAAAGATGTGCTGGT
GGGTAGCTTTGTGCCGAGTACCCGTTTTACCGGCGATGTGCGCGTTGGTGTTTATCTGGATACCGCCGAACCGAAA
CATAGCGAAGTGAAAAATCTGACAATGGAACTGCTGCAGCGTGGCAGTAAAGTGTGGCAGAGTGAACTGCTGAGT
AATCTGGATAAAATGTGGGATATGGTGGAAGCCACCGTGGCCGAAAAAGGTAAAGCAACCTATCTGGGTCCGTTA
CAGCAGTGCATTTTTAATTTTATTATGAAGGCCCTGGCCGGTATTGATCCGGCAGTTAGCCCGCAGATTGCCAAT
AGCGGTTATATTATGCTGGATCGCTGGCTGTTTCTGCAGCTGCTGCCGACCGTGAATATTGGCATTCTGCAGCCGC
TGGAAGAAATTTTTCTGCATAGTTGGGCATATCCGTTTTTCTTAGTGCGTAATGATTATAAAAACCTGTACGATT
TCATCAAGCAGAATGGCAAAGAAGTGCTGCAGATTGCCGAAACCAAATTTGGTCTGACCGAAGAAGAAACCATTC
ATAATCTGCTGTTTGTTATTGGCTTTAATGCATTTGGTGGCTTTAGTGTTTTTCTGCCGAGTTTACTGGATGCAA
TTAGCAGTGATCAGACCGGTCTGCAGGATAAACTGAAAAAAGAAGTTCGTGAACATAGCGTTCCGGGTAGCGGCC
TGGATTTTGAAACCATGAGCAAAATGGAACTGGTGAAAAGCGTGGTTTATGAAGCCCTGCGTTTTAAACCGCCGG
TTCCGACCCAGTATGGTCGTGCCCGCAAAGATTTTCGCCTGACCAGTCATGATAGTGTGTATGATATTAAGAAGG
GTGAACTGCTGTGTGGCTTTCAGCCGCTGGTTATGCGTGATCCGGAAGTTTTTGATGAACCGGAAAAATTCAAAC
CGGATCGTTTTCTGGGCGAAGGTAGCAAACTGCTGAGCTATCTGTATTGGAGTAATGGTCCGCAGACCGGTAGTC
CGAGTGAAAGCAATAAGCAGTGTGCAGCAAAAGAAGTGGTGCCGCTGACCGCCTGTCTGGTGGTTGCACATCTGT
TTCTGCGTTATGAAAAAATTAGTGGCGGTAGTGGTAGCATTACCGCCCTGGAAAAAACCAAACATCATCATCATC
ACCATTAAGGATCC

Fig. A 4 Papaya HPL¢p protein sequence and codon-optimized hplcpr gene sequence with His6-tag
marked in grey and restriction sites underlined. The N-terminal sequence that was truncated in
the “~N”-enzyme is written in red. Figure modified and reproduced from [175] with permission
from Springer Nature.
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>HPLyy

MLPSFSPAVTAAAMAPPPPKPIPGGYGAPVLGPLRDRLDYFWFQGPEEFFRRRAAQHRSTVFRANIPPTFPFFVGIN
PRVIAIVDTAAFTALFDPELVDKRDCLIGPYNPSDSFTGGTRVGVYLDTEEPEHERTKAFAMDLLRRSSRVWAPEFL
EGVDGMLAAIESDLAAGKEGGASFLVPLQRCIFRFLCRSVASADPAAEGLVDRYGLFILDVWLGLQLLPTQKVGAIP
QPLEELLLHSFPFPSILAKPGYDLLYRFVAKHGAESVAVGVTNHGMSEKDAINNILFLLGFNAFGGFSVFLPFLILQIG
KDAALRARLRDEVRAALDQHDGEVGFASVKGMPLVRSTVYEVLRMNPPVPLQFGRARRDFVLRSHGGEGFSVAGG
EMLCGYQPLAMRDPEVFERPEEFVADRFVGAGGEALLRYVYWSNGPETGEPALGNKQCAAKDVVIATACMLVAEL
FRRYDDFECTGTAFTSLKKRPQPQPSSHHHHHH*

>hplyy codon-optimized

CATATGCTGCCGAGCTTTAGCCCGGCAGTTACCGCAGCAGCAATGGCTCCGCCGCCGCCTAAACCGATTCCGGGCG
GTTATGGTGCACCGGTTCTGGGCCCGCTGCGTGATCGCCTGGATTATTTTTGGTTTCAGGGCCCGGAAGAATTTTT
CCGTCGCCGCGCAGCACAGCATCGTAGCACCGTTTTTCGTGCAAATATTCCGCCGACCTTTCCGTTTTTCGTTGGT
ATTAATCCGCGTGTTATTGCCATTGTGGATACCGCAGCATTCACTGCCCTGTTTGATCCGGAACTGGTTGATAAAC
GCGATTGTCTGATTGGCCCGTATAATCCGAGCGATAGCTTTACCGGCGGTACACGCGTTGGTGTTTATCTGGATAC
CGAAGAACCGGAACATGAACGTACCAAAGCCTTTGCAATGGATCTGCTGCGTCGTAGTAGCCGCGTTTGGGCCCCG
GAATTTCTGGAAGGTGTTGATGGCATGCTGGCAGCCATTGAAAGCGATCTGGCCGCAGGCAAAGAAGGTGGTGCC
AGTTTTCTGGTGCCGCTGCAGCGCTGCATTTTTCGTTTTCTGTGTCGTAGTGTTGCCAGCGCAGATCCGGCAGCAG
AAGGCTTAGTTGATCGCTATGGCCTGTTTATTCTGGATGTTTGGCTGGGTCTGCAGCTGCTGCCGACCCAGAAAG
TTGGTGCAATTCCGCAGCCGCTGGAAGAACTGCTGCTGCATAGCTTTCCGTTTCCGAGCATTCTGGCCAAACCGGG
TTATGATCTGCTGTATCGTTTTGTGGCAAAACATGGCGCCGAAAGTGTTGCCGTTGGTGTTACCAATCATGGCAT
GAGTGAAAAAGATGCAATTAATAATATCCTGTTCCTGCTGGGTTTTAATGCATTTGGCGGCTTTAGCGTTTTTCT
GCCGTTTCTGATTCTGCAGATTGGCAAAGATGCCGCCCTGCGCGCCCGTCTGCGCGACGAGGTGAGAGCAGCACTG
GATCAGCATGATGGCGAAGTGGGTTTTGCAAGTGTTAAAGGCATGCCGCTGGTTCGTAGCACCGTGTATGAAGTG
CTGCGCATGAATCCGCCGGTTCCGCTGCAGTTTGGTCGTGCCCGTCGTGATTTTGTGCTGCGCAGTCATGGTGGTG
AAGGTTTTAGCGTGGCCGGTGGTGAAATGCTGTGTGGCTATCAGCCGCTGGCCATGCGCGATCCGGAAGTTTTTG
AACGTCCGGAAGAATTCGTGGCCGATCGTTTTGTGGGTGCAGGCGGCGAAGCCCTGCTGCGTTATGTTTATTGGA
GCAATGGTCCGGAAACCGGCGAACCGGCCCTGGGTAATAAGCAGTGTGCCGCCAAAGATGTGGTTATTGCAACCG
CCTGTATGCTGGTTGCCGAACTGTTTCGTCGCTATGATGATTTTGAATGCACCGGCACCGCCTTTACCAGCCTGAA
AAAACGCCCGCAGCCGCAGCCGAGCAGTCATCATCATCATCACCATTAAGGATCC

Fig. A 5 Barley HPLuv protein sequence and codon-optimized hplyy gene sequence with His6-tag
marked in grey and restriction sites underlined. The N-terminal sequence that was truncated in
the “~N”-enzyme is written in red.
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Appendix

>HPLsg

MLPSFVSPTASASVTPPPRPIPGSHGPPVLGPLRDRLDYFWFQSQDEFFRKRAAAHRSTVFRTNIPPTFPFFVGIDP
RVVAIVDAAAFTALFDPDLVDKRDILIGPYNPGTGFTGGTRVGVYLDTQEAEHTRIKTFAMDLLHRSARSWPAEFR
AGVGAMLDAVDADFAANKASSASYLVPLQQCIFRFLCKAFAGADPSADWLVDNFGFTILDIWLALQILPTQKVGVV
QPLEELLIHSFPLPSFLIWPGYYLLYRFVEKHGAEAVAYAETQHGISKKDAINNILFVLGFNAFGGFSVFLPFLVAKVG
DAADAAGLRPRLRDEVRRAMDKAKDADAEFGFAAVRESMPLVRSTVYEMLRMQPPVPLQFGRARRDFVLQSHGG
AAYQVSKGEVLCGYQPLAMRDPEVFDRPEEFVPERFLGDDGARLLQHLFWSNGPETEQPAPGNKQCAAKEVVVD
TACMLLAELFRRYDDFVVEGTSFTKLVKRQPSPSLSPAAAAGAGAQQHHHHHH*

>hplsg codon-optimized

CATATGCTGCCGAGCTTTGTTAGTCCGACCGCAAGTGCCAGCGTGACCCCGCCTCCGCGTCCTATTCCGGGTAGCC
ATGGCCCGCCGGTTCTGGGTCCGCTGCGTGATCGTCTGGATTATTTTTGGTTTCAGAGCCAAGATGAATTTTTCCG
TAAACGTGCAGCCGCACATCGCAGCACCGTTTTTCGTACCAATATTCCGCCGACCTTTCCGTTTTTCGTGGGCATT
GATCCGCGTGTGGTGGCCATTGTTGATGCAGCCGCATTCACTGCACTGTTTGATCCGGATCTGGTTGATAAACGCG
ATATTCTGATTGGCCCGTATAATCCGGGTACAGGCTTTACCGGCGGCACCCGCGTGGGCGTTTATCTGGATACCCA
GGAAGCAGAACATACCCGTATTAAGACCTTTGCCATGGATCTGCTGCATCGCAGCGCCCGCAGCTGGCCTGCAGAA
TTTCGTGCCGGTGTGGGCGCAATGCTGGATGCAGTTGATGCCGATTTTGCAGCAAATAAGGCAAGTAGTGCCAGT
TATCTGGTGCCGCTGCAGCAGTGTATTTTTCGTTTTCTGTGCAAAGCCTTTGCAGGCGCAGATCCGAGCGCAGATT
GGCTGGTTGATAATTTTGGCTTTACCATTCTGGATATTTGGCTGGCACTGCAGATTCTGCCGACCCAGAAAGTTG
GCGTGGTTCAGCCGCTGGAAGAACTGCTGATTCATAGTTTTCCGCTGCCGAGCTTCCTGATTTGGCCGGGCTATTA
TCTGCTGTATCGTTTTGTGGAAAAACATGGTGCCGAAGCAGTGGCATACGCTGAAACCCAGCATGGTATTAGTAA
AAAAGATGCCATTAACAACATCCTGTTTGTTCTGGGCTTTAATGCCTTTGGTGGCTTTAGTGTGTTTCTGCCGTTT
CTGGTGGCAAAAGTTGGCGATGCAGCCGATGCCGCCGGTCTGCGTCCGAGACTGCGTGATGAAGTGCGTCGTGCCA
TGGATAAAGCAAAAGATGCCGATGCCGAATTTGGCTTTGCCGCCGTTCGCGAAAGCATGCCGCTGGTTCGCAGTA
CCGTGTATGAAATGCTGCGCATGCAGCCGCCGGTGCCGCTGCAATTTGGCCGCGCTCGCCGTGATTTTGTTCTGCA
GAGCCATGGCGGCGCAGCATATCAGGTGAGCAAAGGCGAAGTGCTGTGCGGTTATCAGCCGCTGGCAATGCGTGA
TCCGGAAGTGTTTGATCGCCCGGAAGAATTTGTGCCGGAACGCTTTCTGGGCGATGATGGCGCCCGCCTGCTGCAG
CATCTGTTTTGGAGTAATGGTCCGGAAACCGAACAGCCGGCACCGGGCAATAAGCAGTGCGCCGCCAAAGAAGTG
GTGGTTGATACCGCCTGCATGCTGCTGGCAGAACTGTTTCGTCGTTATGATGATTTTGTTGTTGAAGGCACCAGC
TTTACCAAACTGGTGAAACGTCAGCCGAGCCCGAGCCTGAGCCCGGCAGCAGCAGCTGGTGCCGGTGCTCAGCAGC
ATCATCATCATCACCATTAAGGATCC

Fig. A 6 Sorghum HPLsg protein sequence and codon-optimized hplsz gene sequence with His6-tag
marked in grey and restriction sites underlined. The N-terminal sequence that was truncated in
the “~N”-enzyme is written in red.
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Fig. A 7 Expression vector pET-28a::Hishpl (a) for expression of HPLp; = P. guajava, HPLcp =
C. papaya, HPLuv = H. vulgare and HPLsg = S. bicolor and agarose gels of restriction digests of pET-
28a::Hishpl (b) with Ndel and BamHI. M: DNA ladder marker with sizes in bp.
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nEmRRIPAwWwLon nEmRIIPonwon nERIIPonwonm

nERIRIPNNLOon

.lycopersicum
.europaea
.vinifera
.guajava
.papaya
.thaliana
.sativa
.balbisiana
.vulgare
.bicolor

.lycopersicum
.europaea
.vinifera
.guajava
.papaya
.thaliana
.sativa
.balbisiana
.vulgare
.bicolor

.lycopersicum
.europaea
.vinifera
.guajava
.papaya
.thaliana
.sativa
.balbisiana
.vulgare
.bicolor

.lycopersicum
.europaea
.vinifera
.guajava
.papaya
.thaliana
.sativa
.balbisiana
.vulgare
.bicolor

————————— M
————— MARVV
MMMKLMNISP
—————— MLLR

60
VGPIADRLDY
VGPIIDRLNY
LGPIADRLDY
LGPISDRLDY
LGPLSDRLDY
VGPLSDRLDY
LGPLSDRLDY
VGPLKDRLDY
LGPLRDRLDY
LGPLRDRLDY

VAVLDVKSFES
IAVLDVKSEFES
IAVLDCKSFES
VVVLDCESFA
IAVLDVKSFES
VAVLDVKSFES
IAVLDCKSEFES
VIVLDCTSFES
IATVDTAAFT
VAIVDAAAFT

.
160

HAQIKNFESQD
HTQIKNFEFSLD
HARVKSFAMD
HAQVKNFEFAMD
HSEVKNLTME
HAKIKGFAME
HAKAKNFEFSMN
HARVKSFCLE
HERTKAFAMD
HTRIKTFAMD

110

MMAKMTGSPS
LSSTVMSVSP
MSNMSPAMSS
TMSSPSSPPS
TMAATSPRPP
----MSLPPP

70
FWFQKPENFF
FWEQGPPTFF
FWEFQGPETFF
FWEQGPETFF
FWFQGPETFEF
FWFQGPDKFEF
FWEQKPENFF
FWEFQGPETFF
FWEFQGPEEFF
FWFQSQDEFF

HLEFDMEIVEK
HLFDMEIVEK
FLFDMDVVEK
HLEFDMEIVEK
HLFDLEIVEK
HLEFDMDLVDK
HLEFDMDLVDK
ALFDLEVVEK
ALFDPELVDK
ALFDPDLVDK

.-
170
ILKRGSKTWV
ILKRSSTIWV
ILKRSSSIWA
ILKRSSKVWE
LLORGSKVWQ
TLKRSSKVWL
ILKQSSSIWV
LLRRGAKTWV
LLRRSSRVWA
LLHRSARSWP

120

R I
30
---MNSAPLS
VTPLSPPSPS
GVPTPSSLTP
TYPPSLSPPS
SSPLASNSIS
PSTSLTSQQP
IPPPSLATPP
-MAMMWSLAS
MLPSESPAVT
-MLPSFVSPT

e
80
TKRMEKHKST
KKRMEKYKST
RKRIDKYKST
RKRIEKYKST
RKRMEKNKSS
RTRAEKYKST
RTRMEKYKST
RSRMATHKST
RRRAAQHRST
RKRAAAHRST

ANVLVGDFMP
ANVLVGDEMP
KNVLVGDFMP
SNVLVGDFMP
KDVLVGSFVP
RDVLIGDFRP
RDVLVGDEVP
NNILIGDYMP
RDCLIGPYNP
RDILIGPYNP

.-
180

PTLLKELDTM
PSLISSLDSM
SEVVASLDTM
SEVISNLDTM
SELLSNLDKM
QELRSNLNIF
PELISNLDIF
SSFLSNLDVM
PEFLEGVDGM
AEFRAGVGAM
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B I
40
TPAPVTLPVR
PPSPSSLPLR
PSPPSSSPVR
SPRPTTLPVR
TPPSSALPLR
PSPPSQLPLR
KARPTELPIR
ATAVTTLPTR
AAAMAPPPPK
ASASVTPPPR

e
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VFRTNVPPCF
VEFRTNVPPTF
VERTNVPPSFE
VEFRANVPPCE
VEFRTNVPPSF
VFRTNIPPTF
VFRTNVPPTF
VEFRTNMPPTF
VFRANIPPTF
VFRTNIPPTF

SVVYTGDMRV
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SVKYTGDIRV
SVKYTGNIRV
STREFTGDVRV
SLGEFYGGVCV
SVEFTGNIRV
SLSFTGDTRV
SDSFTGGTRV
GTGFTGGTRV

.-
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FTTFEADLSK
WDKIDADVAN
WDTIDAGVAK
WDTIESSLAK
WDMVEATVAE
WGTIESEISK
LDQIEATLSN
LATIEQGISK
LAATESDLAA
LDAVDADFAA
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R I
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ATIPGGYGWPV
ATIPGSYGWPV
TIPGSYGWPL
TIPGSYGWPL
TMPGSYGWPL
QIPGSHGWPL
PIPGSYGPPL
PIPGGYGAPV
PIPGSHGPPV

e
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PEFEFSNVNPNV
PFFLDVNPNV
PFFGNVNPNI
PFFTNVNPNI
PFEVGVDPRV
PFEVGINPRV
PFFVGIDPRV

.-
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CAYLDTSEPK
CAYLDTSEAK
CAYLDTAETOQ
CAYLDTSEPQ
GVYLDTAEPK
GVNLDTTEPK
GVYQDVSEPQ
VVYLDPSEPD
GVYLDTEEPE
GVYLDTQEAE
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nEmRIRIPAaLOon nEmRIIPAWLon nEmHIIPonon

nEHRIRXrPonLOon

.lycopersicum
.europaea
.vinifera
.guajava
.papaya
.thaliana
.sativa
.balbisiana
.vulgare
.bicolor
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210
ALQKFLENFF
PMOQFLFRFL
PLORFIFHFL
PLOKFLENFL
PLOQCIFNFI
PLORCIFSFL
PLOKFLFTFL
PLOKCIFAFL
PLORCIFRFL
PLOQCIFRFL

QP-LEEILVH
QP-LEELFLH
QP-LEEIFLH
QP-LVEIFLH
QP-LEEIFLH
POPLEEILLH
QP-LEEIFLH
POPLEEILLH
XQPLEELLLH
-QPLEELLIH

ceeld

310
EATHNLLFIL
EATHNLLFIL
ETTHNLLEFVL
EATHNLLFIL
ETIHEHNLLEFVI
EAIQONLLEFVL
EATHNLLEFVL
DAINNILFVL
DAINNILFLL
DAINNILEFVL

AALD---QHD
RAMDKAKDAD
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-
220
SLTILGADPS
TRCIVGADPS
TKCLVGADPA
SKSIIGADPA
MKALAGIDPA
CASLAGVDAS
SKVLARADPS
CKSIIGADPS
CRSVASADPA
CKAFAGADPS

SFAYPFFLVK
SEFSYPFWLVK
SFAYPFFLVK
SWAYPFALVS
SWAYPFFLVR
TWPYPSLLIA
SFSYPYALVS
SFPLPFFLVS
SFPFPSILAK
SFPLPSFLIW

_—

320
GENAFGGFESI
GFNAFGGFTI
GFNAFGGFTI
GENAFGGFESI
GENAFGGESV
GENAYGGE'SV
GEFNSYGGFESI
GFNAFGGFSV
GENAFGGESV
GENAFGGESV

R I

370
-ENLSFESVK
-NTLSFESVK
-N-LTFESVK
-PALSFASVK
-SGLDFETMS
—-SDLNFKTVN
-STLGFDSLK
-KRPSFETVR
GEVGFASVKG
AEFGFAAVRE

270

-
230
VSPEIANSGY
TSPEIASSGH
VSPEIAESGY
ASPQVAKSGY
VSPQIANSGY
VSPDIAENGW
LDPKIAESGS
VSPDVGENGEF
AEGLVDRYGL
ADWLVDNEFGF

GNYEKLVQFV
GDYNKLVQEV
GDYRKLYDFV
GDYNKLYQFTI
NDYKNLYDFTI
GNYKKLYNFTI
GDYKNLYNFT
RDYRKLYEEV
PGYDLLYREV
PGYYLLYREV
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330
FLPTLLGNLG
FFLALLSAIG
FFPSLLSALS
FLPTLLSNIL
FLPSLLDAIS
FLPSLIGRIT
FLPKLIESIT
FFPTLLTTIG
FLPFLILQIG
FLPFLVAKVG

-
380
EMELVQSFVY
DMELVQSFEVY
DLELVHSVVY
EMELVKSVVY
KMELVKSVVY
EMELVKSVVY
ELELINSVVY
EMELVRSTVY
-MPLVRSTVY
SMPLVRSTVY

119
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-
240

IFLDSWLAIQ
IMLDKWLGIQ
VMLDKWVFELQ
AMLDRWLALQ
IMLDRWLFLQ
KTINTWLALQ
SMLNKWLAVQ
VMLDKWLALQ
FILDVWLGLQ
TILDIWLALQ

KNEAKEVLSR
EKEGKEVIQR
EQHGQAVLQR
EKEGREAVER
KONGKEVLQI
DENAGDCLRL
KQHGKEVIKN
EKQGQEVVQR
AKHGAESVAV
EKHGAEAVAY

_—

340
DEKNADMQEK
DOKSTGLHEK
GK--PELQAK
SDT-TGLQDR
SDO-TGLQDK
GDN-SGLQER
NGP-TGLQEK
RDK-TGLREK

DAA---DAAG

-
390
ETLRLSPPVP
ETLRLNPPVP
ETLRLNPPVP
ETLRLNPPVP
EALRFKPPVP
ETLRENPPVP
ETLRMNPPVP
EVLRLNPPVP
EVLRMNPPVP
EMLRMQPPVP

290

-
250
LAPTVSIGVL
ILPTVNIGIL
LLPTISVNFL
LLPTINIGVL
LLPTVNIGIL
VIPTAKLGVV
LLPTVSVGTI
LLPTVKVGATI
LLPTQKVGATI
ILPTQKVGVV

_—

300
AQTEFQLTEQ
AQTEFNLTEQ
GETEFNLSKE
AKAEFGLTHQ
AETKFGLTEE
GQEEFRLTRD
G-TEFGLSED
AETEHGLSKH
GVTNHGMSEK
AETQHGISKK

_—

350
LRKEVRDKVG
LRDEVRQKSG
LREEVRSKIK
LRKEVRAKGG
LKKEVR-EHS
IRTEVRRVCG
LRKEAREKGG
LKDEVRRVMK
LRARLRDEVR
LRPRLRDEVR

-
400
SQYARARKDEF
SQFARARKDEF
LOYARARKDF
FOQYARARKDF
TQYGRARKDF
LOFARARKDF
LOFGRARKDF
LOYGRARTDF
LOFGRARRDF
LOFGRARRDF



Appendix

nEmRIIPAWLon nEmHIIPonon

nEmRIRIPAMLOon

.lycopersicum
.europaea
.vinifera
.guajava
.papaya
.thaliana
.sativa
.balbisiana
.vulgare
.bicolor

.lycopersicum
.europaea
.vinifera
.guajava
.papaya
.thaliana
.sativa
.balbisiana
.vulgare
.bicolor

.lycopersicum
.europaea
.vinifera
.guajava
.papaya
.thaliana
.sativa
.balbisiana
.vulgare
.bicolor

_—

410
KLSSHDS-VY
KLTSHDA-VY
QLSSHDS-VF
QLKSHDS-VF
RLTSHDS-VY
QISSHDA-VF
QLSSYDS-AF
TLNSHDA-AF
VLRSHGGEGF
VLQSHGGAAY

KELLNYLFWS
TELLNYLYWS
RELLNYLEWS
--LLDYLYWS
-KLLSYLYWS
SELLNYLYWS
AELLNYLYWS
-ELLKYIFWS
EALLRYVYWS
ARLLQHLFWS

ceeld

510
FSSGSLTSVK
ISSGSITAVE
ASGSSITAVE
GSSSSITAVE
GGSGSITALE
GDSGSIKAVV
GDGSSITALQ
CADDAISVTK
CTGTAFTSLK
VEGTSFTKLV

460

-
420
EIKKGELLCG
EIKKGELLCG
EIKKGDLLCG
DVKKGELLCG
DIKKGELLCG
EVKKGELLCG
NVKKGELLCG
KVOKGELLCG
SVAGGEMLCG
QVSKGEVLCG

NGPQTGRPTE
NGPQTGSATA
NGPQTGSPSD
NGPQTGTPTE
NGPQTGSPSE
NGPQTGTPSA
NGPQTGSPTV
NGPETGTPTP
NGPETGEPAL
NGPETEQPAP

LERATERE--
KRPQPQOPSS-
KRQPSPSLSP

470

-
430
YOQPLVMKDPK
YQPLVMKDAK
FOKVAMTDPK
YQOKVVMTDPK
FOPLVMRDPE
YQPLVMRDAN
FOKLVMRDPV
YQOPLVMRDPA
YQPLAMRDPE
YOPLAMRDPE

SNKQCAAKDM
ANKQCAAKETI
RNKQCAAKDY
SNKQCAAKDY
SNKQCAAKEV
SNKQCAAKDI
SNKQCAGKDI
ANKQCAAKDY
GNKQCAAKDV
GNKQCAAKEV

AAAAGAGAQQ

480

-
440
VEFDE-PEKFV
VFEESPATFL
IFDD-PETEV
VEDE-PESFEFN
VEDE-PEKFK
VEDE-PEEFK
VEDE-PEQFK
VEFDD-PETFA
VFER-PEEFV
VEFDR-PEEFV

VTLTASLIVA
VPLTAALEVA
VIMTAVLEVT
VTLTACLEFVA
VPLTACLVVA
VTLTASLLVA
VTFTAALIVA
VVETACLLMA
VIATACMLVA
VVDTACMLLA

490

-
450
LERFTKEKG-
YDRFTREKGG
PDRFTKEKG-
SDREVQONSE-
PDRFLGEGS-
PDRYVGETG-
PERFTKEKG-
PERFMGSGK-
ADREVGAGG-
PERFLGDDG-

_—

500
YIFQKYDSVS
YLEFQRYDDIT
HMFQRYDSVT
YMFRRYNSVT
HLFLRYEKIS
DLFLRYDTIT
HLLRRYDLIK
EIFNRYDEEV
ELFRRYDDFE
ELFRRYDDEV

Fig. A 8 Multiple sequence alignment of HPL sequences obtained with Clustal(Q) [178].
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BamH| His6

pET-28a::Hishpl B ndel

lPCR
Ndel Py, BamHI
F,I'\'
¢ Ligation
Amp® BamH|I His6
hpl-N
Ndel
BamHI Restriction
Ndel/BamHI
pET-28a _ Ndel
Ligation
Y
BamH| His6

hp!-N

pET-28a::Hishpl-N W el

Fig. A 9 Scheme for the cloning of N-terminal truncated HPLs. A PCR was performed using the
pET-28::Hishpl vector as template with specific primers truncating the sequence coding for the
unconserved N-terminus. The PCR fragment was ligated into the cloning vector pJET1.2 for
amplification. The amplified fragments were restricted with BamHI and Ndel and ligated into the
expression vector pET-28a(+). P: primer.
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a
pET-28a::Hishpl-N B
PTT
\Iacl
b
pET-28a::hpl,_ pET-28a::hpl_, pET-28a::hpl pPET-28a::hpl_
M 1 M 2 M 3 M 4
10000 = L 10000 10000
2500 | - 2000 = = 5000 = bt 2000
4000 ‘ 4000 4000 4000
3500 3500 \ 3500 k 3500
3000 3000 3000
2500 e 2500 2500 2500w
2000 My , 2000 el 2000 el 2000w
1500 gt 1500 el WO 1500 e ©F 1500 Wl
1000 gt 1000 el 1000 (el 1000 g
750 — 750w 750 750 —
500 S 500 o 500 g 500 M
250 250 r“” 250 ‘, 250

Fig. A 10 Expression vector pET-28a::Hishpl-N (a) for expression of N-terminal truncated HPLp¢-n
= P. guajava, HPLcp.x = C. papaya, HPLuy.y = H. vulgare and HPLsg.n = S. bicolor and agarose gels of
restriction digests of pET-28a::Hishpl-N (b) with Ndel and BamHI. M: DNA ladder marker with
sizes in bp.
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BamHI BamHI His6

R
Amp NusA

pPET- 43.1a(+) —_ Ndel pET-28a::Hishpl-N

Ndel
=M Spel NusA-EK P3 BamHi
|
nusA
— —
) lPCR P4
P1
—
NdeI Spel Boxl
Spel Boxl BamHI
nus.
—
. P4
‘Fusmn PCR
Ndell Spel Boxl BamHI
nusA
Ligation
BamHl|

Ampr BamHI

hpl-N Restriction

Ndel/BamHI
pJET1.2::nusAhpl-N s
EK Ligation
Ndel nusA BamHI
pET-28a  Ndel

Fig. A 11 Scheme for the cloning of NusA - HPL fusion proteins. A PCR was performed to amplify
the nusA and the hpl-N sequences with overlapping fragments. Subsequently, a fusion PCR was
conducted for ligating the nusA and the hpl-N sequences. The fusion fragments were ligated into
the cloning vector pJET1.2 for amplification. Then, they were restricted with BamHI and Ndel and
ligated into the expression vector pET-28a(+). P1-4: primers, EK: sequence coding for
enterokinase cleavage site.
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>NusA

MNKEILAVVEAVSNEKALPREKIFEALESALATATKKKYEQEIDVRVQIDRKSGDFDTFRRWLVVDEVTQPTKEITL
EAARYEDESLNLGDYVEDQIESVTFDRITTQTAKQVIVQKVREAERAMVVDQFREHEGEIITGVVKKVNRDNISLDL
GNNAEAVILREDMLPRENFRPGDRVRGVLYSVRPEARGAQLFVTRSKPEMLIELFRIEVPEIGEEVIEIKAAARDPGS
RAKIAVKTNDKRIDPVGACVGMRGARVQAVSTELGGERIDIVLWDDNPAQFVINAMAPADVASIVVDEDKHTMDI

AVEAGNLAQAIGRNGQNVRLASQLSGWELNVMTVDDLQAKHQAEAHAAIDTFTKYLDIDEDFATVLVEEGFSTLE

ELAYVPMKELLEIEGLDEPTVEALRERAKNALATIAQAQEESLGDNKPADDLLNLEGVDRDLAFKLAARGVCTLED
LAEQGIDDLADIEGLTDEKAGALIMAARNICWFGDE

>nusA

ATGAACAAAGAAATTTTGGCTGTAGTTGAAGCCGTATCCAATGAAAAGGCGCTACCTCGCGAGAAGATTTTCGAA
GCATTGGAAAGCGCGCTGGCGACAGCAACAAAGAAAAAATATGAACAAGAGATCGACGTCCGCGTACAGATCGAT
CGCAAAAGCGGTGATTTTGACACTTTCCGTCGCTGGTTAGTTGTTGATGAAGTCACCCAGCCGACCAAGGAAATC
ACCCTTGAAGCCGCACGTTATGAAGATGAAAGCCTGAACCTGGGCGATTACGTTGAAGATCAGATTGAGTCTGTT
ACCTTTGACCGTATCACTACCCAGACGGCAAAACAGGTTATCGTGCAGAAAGTGCGTGAAGCCGAACGTGCGATG
GTGGTTGATCAGTTCCGTGAACACGAAGGTGAAATCATCACCGGCGTGGTGAAAAAAGTAAACCGCGACAACATC
TCTCTGGATCTGGGCAACAACGCTGAAGCCGTGATCCTGCGCGAAGATATGCTGCCGCGTGAAAACTTCCGCCCTG
GCGACCGCGTTCGTGGCGTGCTCTATTCCGTTCGCCCGGAAGCGCGTGGCGCGCAACTGTTCGTCACTCGTTCCAA
GCCGGAAATGCTGATCGAACTGTTCCGTATTGAAGTGCCAGAAATCGGCGAAGAAGTGATTGAAATTAAAGCAGC
GGCTCGCGATCCGGGTTCTCGTGCGAAAATCGCGGTGAAAACCAACGATAAACGTATCGATCCGGTAGGTGCTTG
CGTAGGTATGCGTGGCGCGCGTGTTCAGGCGGTGTCTACTGAACTGGGTGGCGAGCGTATCGATATCGTCCTGTG
GGATGATAACCCGGCGCAGTTCGTGATTAACGCAATGGCACCGGCAGACGTTGCTTCTATCGTGGTGGATGAAGA
TAAACACACCATGGACATCGCCGTTGAAGCCGGTAATCTGGCGCAGGCGATTGGCCGTAACGGTCAGAACGTGCG
TCTGGCTTCGCAACTGAGCGGTTGGGAACTCAACGTGATGACCGTTGACGACCTGCAAGCTAAGCATCAGGCGGA
AGCGCACGCAGCGATCGACACCTTCACCAAATATCTCGACATCGACGAAGACTTCGCGACTGTTCTGGTAGAAGA
AGGCTTCTCGACGCTGGAAGAATTGGCCTATGTGCCGATGAAAGAGCTGTTGGAAATCGAAGGCCTTGATGAGCC
GACCGTTGAAGCACTGCGCGAGCGTGCTAAAAATGCACTGGCCACCATTGCACAGGCCCAGGAAGAAAGCCTCGG
TGATAACAAACCGGCTGACGATCTGCTGAACCTTGAAGGGGTAGATCGTGATTTGGCATTCAAACTGGCCGCCCG
TGGCGTTTGTACGCTGGAAGATCTCGCCGAACAGGGCATTGATGATCTGGCTGATATCGAAGGGTTGACCGACGA
AAAAGCCGGAGCACTGATTATGGCTGCCCGTAATATTTGCTGGTTCGGTGACGAA

Fig. A 12 NusA protein sequence and nusA gene sequence.
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>NusAH PLcpn

MNKEILAVVEAVSNEKALPREKIFEALESALATATKKKYEQEIDVRVQIDRKSGDFDTFRRWLVVDEVTQPTKEITL
EAARYEDESLNLGDYVEDQIESVTFDRITTQTAKQVIVQKVREAERAMVVDQFREHEGEIITGVVKKVNRDNISLDL
GNNAEAVILREDMLPRENFRPGDRVRGVLYSVRPEARGAQLFVTRSKPEMLIELFRIEVPEIGEEVIEIKAAARDPGS
RAKIAVKTNDKRIDPVGACVGMRGARVQAVSTELGGERIDIVLWDDNPAQFVINAMAPADVASIVVDEDKHTMDI
AVEAGNLAQAIGRNGQNVRLASQLSGWELNVMTVDDLQAKHQAEAHAAIDTFTKYLDIDEDFATVLVEEGFSTLE
ELAYVPMKELLEIEGLDEPTVEALRERAKNALATIAQAQEESLGDNKPADDLLNLEGVDRDLAFKLAARGVCTLED
LAEQGIDDLADIEGLTDEKAGALIMAARNICWFGDEATSDDDDKSVLPLRTIPGSYGWPLLGPLSDRLDYFWFQGP
ETFFRKRMEKNKSSVFRTNVPPSFPFFLDVNPNVIAVLDVKSFSHLFDLEIVEKKDVLVGSFVPSTRFTGDVRVGVY
LDTAEPKHSEVKNLTMELLQRGSKVWQSELLSNLDKMWDMVEATVAEKGKATYLGPLQQCIFNFIMKALAGIDP
AVSPQIANSGYIMLDRWLFLQLLPTVNIGILQPLEEIFLHSWAYPFFLVRNDYKNLYDFIKQNGKEVLQIAETKFGLT
EEETIHNLLFVIGFNAFGGFSVFLPSLLDAISSDQTGLQDKLKKEVREHSVPGSGLDFETMSKMELVKSVVYEALRFK
PPVPTQYGRARKDFRLTSHDSVYDIKKGELLCGFQPLVMRDPEVFDEPEKFKPDRFLGEGSKLLSYLYWSNGPQTG
SPSESNKQCAAKEVVPLTACLVVAHLFLRYEKISGGSGSITALEKTKHHHHHH

>nLlSAhpIcp.N

CATATGAACAAAGAAATTTTGGCTGTAGTTGAAGCCGTATCCAATGAAAAGGCGCTACCTCGCGAGAAGATTTTC
GAAGCATTGGAAAGCGCGCTGGCGACAGCAACAAAGAAAAAATATGAACAAGAGATCGACGTCCGCGTACAGATC
GATCGCAAAAGCGGTGATTTTGACACTTTCCGTCGCTGGTTAGTTGTTGATGAAGTCACCCAGCCGACCAAGGAA
ATCACCCTTGAAGCCGCACGTTATGAAGATGAAAGCCTGAACCTGGGCGATTACGTTGAAGATCAGATTGAGTCT
GTTACCTTTGACCGTATCACTACCCAGACGGCAAAACAGGTTATCGTGCAGAAAGTGCGTGAAGCCGAACGTGCG
ATGGTGGTTGATCAGTTCCGTGAACACGAAGGTGAAATCATCACCGGCGTGGTGAAAAAAGTAAACCGCGACAAC
ATCTCTCTGGATCTGGGCAACAACGCTGAAGCCGTGATCCTGCGCGAAGATATGCTGCCGCGTGAAAACTTCCGCC
CTGGCGACCGCGTTCGTGGCGTGCTCTATTCCGTTCGCCCGGAAGCGCGTGGCGCGCAACTGTTCGTCACTCGTTC
CAAGCCGGAAATGCTGATCGAACTGTTCCGTATTGAAGTGCCAGAAATCGGCGAAGAAGTGATTGAAATTAAAGC
AGCGGCTCGCGATCCGGGTTCTCGTGCGAAAATCGCGGTGAAAACCAACGATAAACGTATCGATCCGGTAGGTGC
TTGCGTAGGTATGCGTGGCGCGCGTGTTCAGGCGGTGTCTACTGAACTGGGTGGCGAGCGTATCGATATCGTCCT
GTGGGATGATAACCCGGCGCAGTTCGTGATTAACGCAATGGCACCGGCAGACGTTGCTTCTATCGTGGTGGATGA
AGATAAACACACCATGGACATCGCCGTTGAAGCCGGTAATCTGGCGCAGGCGATTGGCCGTAACGGTCAGAACGT
GCGTCTGGCTTCGCAACTGAGCGGTTGGGAACTCAACGTGATGACCGTTGACGACCTGCAAGCTAAGCATCAGGC
GGAAGCGCACGCAGCGATCGACACCTTCACCAAATATCTCGACATCGACGAAGACTTCGCGACTGTTCTGGTAGA
AGAAGGCTTCTCGACGCTGGAAGAATTGGCCTATGTGCCGATGAAAGAGCTGTTGGAAATCGAAGGCCTTGATGA
GCCGACCGTTGAAGCACTGCGCGAGCGTGCTAAAAATGCACTGGCCACCATTGCACAGGCCCAGGAAGAAAGCCTC
GGTGATAACAAACCGGCTGACGATCTGCTGAACCTTGAAGGGGTAGATCGTGATTTGGCATTCAAACTGGCCGCC
CGTGGCGTTTGTACGCTGGAAGATCTCGCCGAACAGGGCATTGATGATCTGGCTGATATCGAAGGGTTGACCGAC
GAAAAAGCCGGAGCACTGATTATGGCTGCCCGTAATATTTGCTGGTTCGGTGACGAAGCGACTAGTGATGACGAC
GACAAGAGTGTCCTGCCGCTGCGTACCATTCCGGGCAGCTATGGCTGGCCGCTGCTGGGTCCGCTGAGCGATCGCC
TGGATTATTTTTGGTTTCAGGGTCCGGAAACCTTTTTCCGTAAACGCATGGAAAAGAATAAGAGCAGCGTTTTTC
GTACCAATGTGCCGCCGAGCTTTCCGTTTTTCCTGGATGTGAATCCGAATGTTATTGCCGTTCTGGATGTTAAAA
GCTTTAGCCATCTGTTTGATCTGGAAATTGTGGAAAAGAAAGATGTGCTGGTGGGTAGCTTTGTGCCGAGTACCC
GTTTTACCGGCGATGTGCGCGTTGGTGTTTATCTGGATACCGCCGAACCGAAACATAGCGAAGTGAAAAATCTGA
CAATGGAACTGCTGCAGCGTGGCAGTAAAGTGTGGCAGAGTGAACTGCTGAGTAATCTGGATAAAATGTGGGATA
TGGTGGAAGCCACCGTGGCCGAAAAAGGTAAAGCAACCTATCTGGGTCCGTTACAGCAGTGCATTTTTAATTTTA
TTATGAAGGCCCTGGCCGGTATTGATCCGGCAGTTAGCCCGCAGATTGCCAATAGCGGTTATATTATGCTGGATC
GCTGGCTGTTTCTGCAGCTGCTGCCGACCGTGAATATTGGCATTCTGCAGCCGCTGGAAGAAATTTTTCTGCATAG
TTGGGCATATCCGTTTTTCTTAGTGCGTAATGATTATAAAAACCTGTACGATTTCATCAAGCAGAATGGCAAAGA
AGTGCTGCAGATTGCCGAAACCAAATTTGGTCTGACCGAAGAAGAAACCATTCATAATCTGCTGTTTGTTATTGG
CTTTAATGCATTTGGTGGCTTTAGTGTTTTTCTGCCGAGTTTACTGGATGCAATTAGCAGTGATCAGACCGGTCT
GCAGGATAAACTGAAAAAAGAAGTTCGTGAACATAGCGTTCCGGGTAGCGGCCTGGATTTTGAAACCATGAGCAA
AATGGAACTGGTGAAAAGCGTGGTTTATGAAGCCCTGCGTTTTAAACCGCCGGTTCCGACCCAGTATGGTCGTGC
CCGCAAAGATTTTCGCCTGACCAGTCATGATAGTGTGTATGATATTAAGAAGGGTGAACTGCTGTGTGGCTTTCA
GCCGCTGGTTATGCGTGATCCGGAAGTTTTTGATGAACCGGAAAAATTCAAACCGGATCGTTTTCTGGGCGAAGG
TAGCAAACTGCTGAGCTATCTGTATTGGAGTAATGGTCCGCAGACCGGTAGTCCGAGTGAAAGCAATAAGCAGTG
TGCAGCAAAAGAAGTGGTGCCGCTGACCGCCTGTCTGGTGGTTGCACATCTGTTTCTGCGTTATGAAAAAATTAG
TGGCGGTAGTGGTAGCATTACCGCCCTGGAAAAAACCAAACATCATCATCATCACCATTAAGGATCC

Fig. A 13 NusAHPLcp.x fusion protein sequence and nusAhplcp.n fusion gene sequence with His6-
tag marked in grey and restriction sites underlined. Enterokinase cleavage site is marked blue.
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>NusAH PLpgn

MNKEILAVVEAVSNEKALPREKIFEALESALATATKKKYEQEIDVRVQIDRKSGDFDTFRRWLVVDEVTQPTKEITL
EAARYEDESLNLGDYVEDQIESVTFDRITTQTAKQVIVQKVREAERAMVVDQFREHEGEIITGVVKKVNRDNISLDL
GNNAEAVILREDMLPRENFRPGDRVRGVLYSVRPEARGAQLFVTRSKPEMLIELFRIEVPEIGEEVIEIKAAARDPGS
RAKIAVKTNDKRIDPVGACVGMRGARVQAVSTELGGERIDIVLWDDNPAQFVINAMAPADVASIVVDEDKHTMDI
AVEAGNLAQAIGRNGQNVRLASQLSGWELNVMTVDDLQAKHQAEAHAAIDTFTKYLDIDEDFATVLVEEGFSTLE
ELAYVPMKELLEIEGLDEPTVEALRERAKNALATIAQAQEESLGDNKPADDLLNLEGVDRDLAFKLAARGVCTLED
LAEQGIDDLADIEGLTDEKAGALIMAARNICWFGDEATSDDDDKSLPVRTIPGSYGWPLLGPISDRLDYFWFQGPE
TFFRKRIEKYKSTVFRANVPPCFPFFSNVNPNVVVVLDCESFAHLFDMEIVEKSNVLVGDFMPSVKYTGNIRVCAYL
DTSEPQHAQVKNFAMDILKRSSKVWESEVISNLDTMWDTIESSLAKDGNASVIFPLQKFLFNFLSKSIIGADPAASP
QVAKSGYAMLDRWLALQLLPTINIGVLQPLVEIFLHSWAYPFALVSGDYNKLYQFIEKEGREAVERAKAEFGLTHQ
EAIHNLLFILGFNAFGGFSIFLPTLLSNILSDTTGLQDRLRKEVRAKGGPALSFASVKEMELVKSVVYETLRLNPPVPF
QYARARKDFQLKSHDSVFDVKKGELLCGYQKVVMTDPKVFDEPESFNSDRFVQNSELLDYLYWSNGPQTGTPTES
NKQCAAKDYVTLTACLFVAYMFRRYNSVTGSSSSITAVEKANHHHHHH

>nusAhpIpG.N

CATATGAACAAAGAAATTTTGGCTGTAGTTGAAGCCGTATCCAATGAAAAGGCGCTACCTCGCGAGAAGATTTTC
GAAGCATTGGAAAGCGCGCTGGCGACAGCAACAAAGAAAAAATATGAACAAGAGATCGACGTCCGCGTACAGATC
GATCGCAAAAGCGGTGATTTTGACACTTTCCGTCGCTGGTTAGTTGTTGATGAAGTCACCCAGCCGACCAAGGAA
ATCACCCTTGAAGCCGCACGTTATGAAGATGAAAGCCTGAACCTGGGCGATTACGTTGAAGATCAGATTGAGTCT
GTTACCTTTGACCGTATCACTACCCAGACGGCAAAACAGGTTATCGTGCAGAAAGTGCGTGAAGCCGAACGTGCG
ATGGTGGTTGATCAGTTCCGTGAACACGAAGGTGAAATCATCACCGGCGTGGTGAAAAAAGTAAACCGCGACAAC
ATCTCTCTGGATCTGGGCAACAACGCTGAAGCCGTGATCCTGCGCGAAGATATGCTGCCGCGTGAAAACTTCCGCC
CTGGCGACCGCGTTCGTGGCGTGCTCTATTCCGTTCGCCCGGAAGCGCGTGGCGCGCAACTGTTCGTCACTCGTTC
CAAGCCGGAAATGCTGATCGAACTGTTCCGTATTGAAGTGCCAGAAATCGGCGAAGAAGTGATTGAAATTAAAGC
AGCGGCTCGCGATCCGGGTTCTCGTGCGAAAATCGCGGTGAAAACCAACGATAAACGTATCGATCCGGTAGGTGC
TTGCGTAGGTATGCGTGGCGCGCGTGTTCAGGCGGTGTCTACTGAACTGGGTGGCGAGCGTATCGATATCGTCCT
GTGGGATGATAACCCGGCGCAGTTCGTGATTAACGCAATGGCACCGGCAGACGTTGCTTCTATCGTGGTGGATGA
AGATAAACACACCATGGACATCGCCGTTGAAGCCGGTAATCTGGCGCAGGCGATTGGCCGTAACGGTCAGAACGT
GCGTCTGGCTTCGCAACTGAGCGGTTGGGAACTCAACGTGATGACCGTTGACGACCTGCAAGCTAAGCATCAGGC
GGAAGCGCACGCAGCGATCGACACCTTCACCAAATATCTCGACATCGACGAAGACTTCGCGACTGTTCTGGTAGA
AGAAGGCTTCTCGACGCTGGAAGAATTGGCCTATGTGCCGATGAAAGAGCTGTTGGAAATCGAAGGCCTTGATGA
GCCGACCGTTGAAGCACTGCGCGAGCGTGCTAAAAATGCACTGGCCACCATTGCACAGGCCCAGGAAGAAAGCCTC
GGTGATAACAAACCGGCTGACGATCTGCTGAACCTTGAAGGGGTAGATCGTGATTTGGCATTCAAACTGGCCGCC
CGTGGCGTTTGTACGCTGGAAGATCTCGCCGAACAGGGCATTGATGATCTGGCTGATATCGAAGGGTTGACCGAC
GAAAAAGCCGGAGCACTGATTATGGCTGCCCGTAATATTTGCTGGTTCGGTGACGAAGCGACTAGTGATGACGAC
GACAAGAGTGTCCTGCCTGTTCGCACCATTCCGGGTAGCTATGGTTGGCCGCTGCTGGGTCCGATTAGTGATCGTC
TGGATTATTTTTGGTTTCAGGGCCCGGAAACCTTTTTCCGCAAACGCATTGAAAAATATAAGAGCACCGTTTTTC
GCGCCAATGTGCCGCCGTGTTTTCCGTTTTTCAGCAATGTTAATCCGAATGTTGTTGTGGTGCTGGATTGCGAAA
GCTTTGCCCATCTGTTTGATATGGAAATTGTTGAAAAGAGCAACGTTCTGGTTGGCGATTTTATGCCGAGCGTTA
AATATACCGGTAATATTCGCGTGTGCGCCTATCTGGATACCAGCGAACCGCAGCATGCACAGGTTAAAAATTTTG
CCATGGATATTCTGAAGCGTAGTAGCAAAGTTTGGGAAAGCGAAGTTATTAGTAATCTGGATACCATGTGGGATA
CCATTGAAAGCAGCCTGGCCAAAGATGGCAATGCAAGTGTTATTTTTCCGCTGCAGAAATTTCTGTTTAATTTTC
TGAGTAAGAGCATCATTGGTGCAGATCCGGCAGCAAGCCCGCAGGTGGCCAAAAGCGGCTATGCAATGCTGGATC
GTTGGCTGGCACTGCAGCTGCTGCCGACCATTAATATTGGTGTTCTGCAGCCGCTGGTTGAAATTTTTCTGCATAG
CTGGGCATATCCGTTTGCACTGGTTAGCGGTGACTATAATAAGCTGTATCAGTTTATTGAGAAGGAAGGTCGTGA
AGCCGTGGAACGTGCAAAAGCCGAATTTGGTCTGACCCATCAGGAAGCCATTCATAATCTGCTGTTTATTCTGGG
TTTTAATGCATTTGGCGGCTTTAGTATTTTTCTGCCGACCCTGCTGAGTAATATTCTGAGTGATACCACCGGCCTG
CAGGATCGTCTGCGCAAAGAAGTTCGCGCAAAAGGCGGTCCGGCCCTGAGCTTTGCCAGCGTGAAAGAAATGGAA
CTGGTGAAAAGCGTTGTGTATGAAACCCTGCGCCTGAATCCGCCGGTGCCGTTTCAGTATGCACGTGCCCGCAAAG
ATTTTCAGCTGAAAAGCCATGATAGCGTTTTTGATGTGAAAAAAGGCGAACTGCTGTGTGGTTATCAGAAAGTGG
TTATGACCGATCCGAAAGTGTTTGATGAACCGGAAAGTTTTAATAGTGATCGCTTTGTTCAGAATAGCGAACTGC
TGGATTATCTGTATTGGAGCAATGGTCCGCAGACCGGTACACCGACCGAAAGCAATAAGCAGTGTGCCGCAAAAG
ATTATGTGACCCTGACCGCCTGCCTGTTTGTTGCCTATATGTTTCGTCGTTATAATAGCGTGACCGGTAGCAGCAG
CAGCATTACCGCAGTTGAAAAAGCCAATCATCATCATCATCACCATTAAGGATCC

Fig. A 14 NusAHPLpc.x fusion protein sequence and nusAhplpc.y fusion gene sequence with His6-
tag marked in grey and restriction sites underlined. Enterokinase cleavage site is marked blue.
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>NusAH PLuv-n

MNKEILAVVEAVSNEKALPREKIFEALESALATATKKKYEQEIDVRVQIDRKSGDFDTFRRWLVVDEVTQPTKEITL
EAARYEDESLNLGDYVEDQIESVTFDRITTQTAKQVIVQKVREAERAMVVDQFREHEGEIITGVVKKVNRDNISLDL
GNNAEAVILREDMLPRENFRPGDRVRGVLYSVRPEARGAQLFVTRSKPEMLIELFRIEVPEIGEEVIEIKAAARDPGS
RAKIAVKTNDKRIDPVGACVGMRGARVQAVSTELGGERIDIVLWDDNPAQFVINAMAPADVASIVVDEDKHTMDI
AVEAGNLAQAIGRNGQNVRLASQLSGWELNVMTVDDLQAKHQAEAHAAIDTFTKYLDIDEDFATVLVEEGFSTLE
ELAYVPMKELLEIEGLDEPTVEALRERAKNALATIAQAQEESLGDNKPADDLLNLEGVDRDLAFKLAARGVCTLED
LAEQGIDDLADIEGLTDEKAGALIMAARNICWFGDEATSDDDDKSVPPPKPIPGGYGAPVLGPLRDRLDYFWFQGP
EEFFRRRAAQHRSTVFRANIPPTFPFFVGINPRVIAIVDTAAFTALFDPELVDKRDCLIGPYNPSDSFTGGTRVGVYL
DTEEPEHERTKAFAMDLLRRSSRVWAPEFLEGVDGMLAAIESDLAAGKEGGASFLVPLQRCIFRFLCRSVASADPA
AEGLVDRYGLFILDVWLGLQLLPTQKVGAIPQPLEELLLHSFPFPSILAKPGYDLLYRFVAKHGAESVAVGVTNHGM
SEKDAINNILFLLGFNAFGGFSVFLPFLILQIGKDAALRARLRDEVRAALDQHDGEVGFASVKGMPLVRSTVYEVLR
MNPPVPLQFGRARRDFVLRSHGGEGFSVAGGEMLCGYQPLAMRDPEVFERPEEFVADRFVGAGGEALLRYVYWS
NGPETGEPALGNKQCAAKDVVIATACMLVAELFRRYDDFECTGTAFTSLKKRPQPQPSSHHHHHH

>nusAhpIHv.N

CATATGAACAAAGAAATTTTGGCTGTAGTTGAAGCCGTATCCAATGAAAAGGCGCTACCTCGCGAGAAGATTTTC
GAAGCATTGGAAAGCGCGCTGGCGACAGCAACAAAGAAAAAATATGAACAAGAGATCGACGTCCGCGTACAGATC
GATCGCAAAAGCGGTGATTTTGACACTTTCCGTCGCTGGTTAGTTGTTGATGAAGTCACCCAGCCGACCAAGGAA
ATCACCCTTGAAGCCGCACGTTATGAAGATGAAAGCCTGAACCTGGGCGATTACGTTGAAGATCAGATTGAGTCT
GTTACCTTTGACCGTATCACTACCCAGACGGCAAAACAGGTTATCGTGCAGAAAGTGCGTGAAGCCGAACGTGCG
ATGGTGGTTGATCAGTTCCGTGAACACGAAGGTGAAATCATCACCGGCGTGGTGAAAAAAGTAAACCGCGACAAC
ATCTCTCTGGATCTGGGCAACAACGCTGAAGCCGTGATCCTGCGCGAAGATATGCTGCCGCGTGAAAACTTCCGCC
CTGGCGACCGCGTTCGTGGCGTGCTCTATTCCGTTCGCCCGGAAGCGCGTGGCGCGCAACTGTTCGTCACTCGTTC
CAAGCCGGAAATGCTGATCGAACTGTTCCGTATTGAAGTGCCAGAAATCGGCGAAGAAGTGATTGAAATTAAAGC
AGCGGCTCGCGATCCGGGTTCTCGTGCGAAAATCGCGGTGAAAACCAACGATAAACGTATCGATCCGGTAGGTGC
TTGCGTAGGTATGCGTGGCGCGCGTGTTCAGGCGGTGTCTACTGAACTGGGTGGCGAGCGTATCGATATCGTCCT
GTGGGATGATAACCCGGCGCAGTTCGTGATTAACGCAATGGCACCGGCAGACGTTGCTTCTATCGTGGTGGATGA
AGATAAACACACCATGGACATCGCCGTTGAAGCCGGTAATCTGGCGCAGGCGATTGGCCGTAACGGTCAGAACGT
GCGTCTGGCTTCGCAACTGAGCGGTTGGGAACTCAACGTGATGACCGTTGACGACCTGCAAGCTAAGCATCAGGC
GGAAGCGCACGCAGCGATCGACACCTTCACCAAATATCTCGACATCGACGAAGACTTCGCGACTGTTCTGGTAGA
AGAAGGCTTCTCGACGCTGGAAGAATTGGCCTATGTGCCGATGAAAGAGCTGTTGGAAATCGAAGGCCTTGATGA
GCCGACCGTTGAAGCACTGCGCGAGCGTGCTAAAAATGCACTGGCCACCATTGCACAGGCCCAGGAAGAAAGCCTC
GGTGATAACAAACCGGCTGACGATCTGCTGAACCTTGAAGGGGTAGATCGTGATTTGGCATTCAAACTGGCCGCC
CGTGGCGTTTGTACGCTGGAAGATCTCGCCGAACAGGGCATTGATGATCTGGCTGATATCGAAGGGTTGACCGAC
GAAAAAGCCGGAGCACTGATTATGGCTGCCCGTAATATTTGCTGGTTCGGTGACGAAGCGACTAGTGATGACGAC
GACAAGAGTGTCCCGCCGCCTAAACCGATTCCGGGCGGTTATGGTGCACCGGTTCTGGGCCCGCTGCGTGATCGCC
TGGATTATTTTTGGTTTCAGGGCCCGGAAGAATTTTTCCGTCGCCGCGCAGCACAGCATCGTAGCACCGTTTTTCG
TGCAAATATTCCGCCGACCTTTCCGTTTTTCGTTGGTATTAATCCGCGTGTTATTGCCATTGTGGATACCGCAGCA
TTCACTGCCCTGTTTGATCCGGAACTGGTTGATAAACGCGATTGTCTGATTGGCCCGTATAATCCGAGCGATAGCT
TTACCGGCGGTACACGCGTTGGTGTTTATCTGGATACCGAAGAACCGGAACATGAACGTACCAAAGCCTTTGCAA
TGGATCTGCTGCGTCGTAGTAGCCGCGTTTGGGCCCCGGAATTTCTGGAAGGTGTTGATGGCATGCTGGCAGCCAT
TGAAAGCGATCTGGCCGCAGGCAAAGAAGGTGGTGCCAGTTTTCTGGTGCCGCTGCAGCGCTGCATTTTTCGTTT
TCTGTGTCGTAGTGTTGCCAGCGCAGATCCGGCAGCAGAAGGCTTAGTTGATCGCTATGGCCTGTTTATTCTGGA
TGTTTGGCTGGGTCTGCAGCTGCTGCCGACCCAGAAAGTTGGTGCAATTCCGCAGCCGCTGGAAGAACTGCTGCTG
CATAGCTTTCCGTTTCCGAGCATTCTGGCCAAACCGGGTTATGATCTGCTGTATCGTTTTGTGGCAAAACATGGCG
CCGAAAGTGTTGCCGTTGGTGTTACCAATCATGGCATGAGTGAAAAAGATGCAATTAATAATATCCTGTTCCTGC
TGGGTTTTAATGCATTTGGCGGCTTTAGCGTTTTTCTGCCGTTTCTGATTCTGCAGATTGGCAAAGATGCCGCCCT
GCGCGCCCGTCTGCGCGACGAGGTGAGAGCAGCACTGGATCAGCATGATGGCGAAGTGGGTTTTGCAAGTGTTAA
AGGCATGCCGCTGGTTCGTAGCACCGTGTATGAAGTGCTGCGCATGAATCCGCCGGTTCCGCTGCAGTTTGGTCGT
GCCCGTCGTGATTTTGTGCTGCGCAGTCATGGTGGTGAAGGTTTTAGCGTGGCCGGTGGTGAAATGCTGTGTGGC
TATCAGCCGCTGGCCATGCGCGATCCGGAAGTTTTTGAACGTCCGGAAGAATTCGTGGCCGATCGTTTTGTGGGT
GCAGGCGGCGAAGCCCTGCTGCGTTATGTTTATTGGAGCAATGGTCCGGAAACCGGCGAACCGGCCCTGGGTAAT
AAGCAGTGTGCCGCCAAAGATGTGGTTATTGCAACCGCCTGTATGCTGGTTGCCGAACTGTTTCGTCGCTATGAT
GATTTTGAATGCACCGGCACCGCCTTTACCAGCCTGAAAAAACGCCCGCAGCCGCAGCCGAGCAGTCATCATCATC
ATCACCATTAAGGATCC

Fig. A 15 NusAHPLuv.x fusion protein sequence and nusAhpluy.y fusion gene sequence with His6-
tag marked in grey and restriction sites underlined. Enterokinase cleavage site is marked blue.
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>NusAH PLsgn

MNKEILAVVEAVSNEKALPREKIFEALESALATATKKKYEQEIDVRVQIDRKSGDFDTFRRWLVVDEVTQPTKEITL
EAARYEDESLNLGDYVEDQIESVTFDRITTQTAKQVIVQKVREAERAMVVDQFREHEGEIITGVVKKVNRDNISLDL
GNNAEAVILREDMLPRENFRPGDRVRGVLYSVRPEARGAQLFVTRSKPEMLIELFRIEVPEIGEEVIEIKAAARDPGS
RAKIAVKTNDKRIDPVGACVGMRGARVQAVSTELGGERIDIVLWDDNPAQFVINAMAPADVASIVVDEDKHTMDI

AVEAGNLAQAIGRNGQNVRLASQLSGWELNVMTVDDLQAKHQAEAHAAIDTFTKYLDIDEDFATVLVEEGFSTLE

ELAYVPMKELLEIEGLDEPTVEALRERAKNALATIAQAQEESLGDNKPADDLLNLEGVDRDLAFKLAARGVCTLED
LAEQGIDDLADIEGLTDEKAGALIMAARNICWFGDEATSDDDDKSVVPPPRPIPGSHGPPVLGPLRDRLDYFWFQS

QDEFFRKRAAAHRSTVFRTNIPPTFPFFVGIDPRVVAIVDAAAFTALFDPDLVDKRDILIGPYNPGTGFTGGTRVGV

YLDTQEAEHTRIKTFAMDLLHRSARSWPAEFRAGVGAMLDAVDADFAANKASSASYLVPLQQCIFRFLCKAFAGA

DPSADWLVDNFGFTILDIWLALQILPTQKVGVVQPLEELLIHSFPLPSFLIWPGYYLLYRFVEKHGAEAVAYAETQH

GISKKDAINNILFVLGFNAFGGFSVFLPFLVAKVGDAADAAGLRPRLRDEVRRAMDKAKDADAEFGFAAVRESMPL
VRSTVYEMLRMQPPVPLQFGRARRDFVLQSHGGAAYQVSKGEVLCGYQPLAMRDPEVFDRPEEFVPERFLGDDGA
RLLQHLFWSNGPETEQPAPGNKQCAAKEVVVDTACMLLAELFRRYDDFVVEGTSFTKLVKRQPSPSLSPAAAAGA

GAQQHHHHHH

>nusAhpISB.N

CATATGAACAAAGAAATTTTGGCTGTAGTTGAAGCCGTATCCAATGAAAAGGCGCTACCTCGCGAGAAGATTTTC
GAAGCATTGGAAAGCGCGCTGGCGACAGCAACAAAGAAAAAATATGAACAAGAGATCGACGTCCGCGTACAGATC
GATCGCAAAAGCGGTGATTTTGACACTTTCCGTCGCTGGTTAGTTGTTGATGAAGTCACCCAGCCGACCAAGGAA
ATCACCCTTGAAGCCGCACGTTATGAAGATGAAAGCCTGAACCTGGGCGATTACGTTGAAGATCAGATTGAGTCT
GTTACCTTTGACCGTATCACTACCCAGACGGCAAAACAGGTTATCGTGCAGAAAGTGCGTGAAGCCGAACGTGCG
ATGGTGGTTGATCAGTTCCGTGAACACGAAGGTGAAATCATCACCGGCGTGGTGAAAAAAGTAAACCGCGACAAC
ATCTCTCTGGATCTGGGCAACAACGCTGAAGCCGTGATCCTGCGCGAAGATATGCTGCCGCGTGAAAACTTCCGCC
CTGGCGACCGCGTTCGTGGCGTGCTCTATTCCGTTCGCCCGGAAGCGCGTGGCGCGCAACTGTTCGTCACTCGTTC
CAAGCCGGAAATGCTGATCGAACTGTTCCGTATTGAAGTGCCAGAAATCGGCGAAGAAGTGATTGAAATTAAAGC
AGCGGCTCGCGATCCGGGTTCTCGTGCGAAAATCGCGGTGAAAACCAACGATAAACGTATCGATCCGGTAGGTGC
TTGCGTAGGTATGCGTGGCGCGCGTGTTCAGGCGGTGTCTACTGAACTGGGTGGCGAGCGTATCGATATCGTCCT
GTGGGATGATAACCCGGCGCAGTTCGTGATTAACGCAATGGCACCGGCAGACGTTGCTTCTATCGTGGTGGATGA
AGATAAACACACCATGGACATCGCCGTTGAAGCCGGTAATCTGGCGCAGGCGATTGGCCGTAACGGTCAGAACGT
GCGTCTGGCTTCGCAACTGAGCGGTTGGGAACTCAACGTGATGACCGTTGACGACCTGCAAGCTAAGCATCAGGC
GGAAGCGCACGCAGCGATCGACACCTTCACCAAATATCTCGACATCGACGAAGACTTCGCGACTGTTCTGGTAGA
AGAAGGCTTCTCGACGCTGGAAGAATTGGCCTATGTGCCGATGAAAGAGCTGTTGGAAATCGAAGGCCTTGATGA
GCCGACCGTTGAAGCACTGCGCGAGCGTGCTAAAAATGCACTGGCCACCATTGCACAGGCCCAGGAAGAAAGCCTC
GGTGATAACAAACCGGCTGACGATCTGCTGAACCTTGAAGGGGTAGATCGTGATTTGGCATTCAAACTGGCCGCC
CGTGGCGTTTGTACGCTGGAAGATCTCGCCGAACAGGGCATTGATGATCTGGCTGATATCGAAGGGTTGACCGAC
GAAAAAGCCGGAGCACTGATTATGGCTGCCCGTAATATTTGCTGGTTCGGTGACGAAGCGACTAGTGATGACGAC
GACAAGAGTGTCGTCCCGCCTCCGCGTCCTATTCCGGGTAGCCATGGCCCGCCGGTTCTGGGTCCGCTGCGTGATC
GTCTGGATTATTTTTGGTTTCAGAGCCAAGATGAATTTTTCCGTAAACGTGCAGCCGCACATCGCAGCACCGTTTT
TCGTACCAATATTCCGCCGACCTTTCCGTTTTTCGTGGGCATTGATCCGCGTGTGGTGGCCATTGTTGATGCAGCC
GCATTCACTGCACTGTTTGATCCGGATCTGGTTGATAAACGCGATATTCTGATTGGCCCGTATAATCCGGGTACA
GGCTTTACCGGCGGCACCCGCGTGGGCGTTTATCTGGATACCCAGGAAGCAGAACATACCCGTATTAAGACCTTTG
CCATGGATCTGCTGCATCGCAGCGCCCGCAGCTGGCCTGCAGAATTTCGTGCCGGTGTGGGCGCAATGCTGGATGC
AGTTGATGCCGATTTTGCAGCAAATAAGGCAAGTAGTGCCAGTTATCTGGTGCCGCTGCAGCAGTGTATTTTTCG
TTTTCTGTGCAAAGCCTTTGCAGGCGCAGATCCGAGCGCAGATTGGCTGGTTGATAATTTTGGCTTTACCATTCTG
GATATTTGGCTGGCACTGCAGATTCTGCCGACCCAGAAAGTTGGCGTGGTTCAGCCGCTGGAAGAACTGCTGATT
CATAGTTTTCCGCTGCCGAGCTTCCTGATTTGGCCGGGCTATTATCTGCTGTATCGTTTTGTGGAAAAACATGGTG
CCGAAGCAGTGGCATACGCTGAAACCCAGCATGGTATTAGTAAAAAAGATGCCATTAACAACATCCTGTTTGTTC
TGGGCTTTAATGCCTTTGGTGGCTTTAGTGTGTTTCTGCCGTTTCTGGTGGCAAAAGTTGGCGATGCAGCCGATG
CCGCCGGTCTGCGTCCGAGACTGCGTGATGAAGTGCGTCGTGCCATGGATAAAGCAAAAGATGCCGATGCCGAAT
TTGGCTTTGCCGCCGTTCGCGAAAGCATGCCGCTGGTTCGCAGTACCGTGTATGAAATGCTGCGCATGCAGCCGCC
GGTGCCGCTGCAATTTGGCCGCGCTCGCCGTGATTTTGTTCTGCAGAGCCATGGCGGCGCAGCATATCAGGTGAGC
AAAGGCGAAGTGCTGTGCGGTTATCAGCCGCTGGCAATGCGTGATCCGGAAGTGTTTGATCGCCCGGAAGAATTT
GTGCCGGAACGCTTTCTGGGCGATGATGGCGCCCGCCTGCTGCAGCATCTGTTTTGGAGTAATGGTCCGGAAACCG
AACAGCCGGCACCGGGCAATAAGCAGTGCGCCGCCAAAGAAGTGGTGGTTGATACCGCCTGCATGCTGCTGGCAG
AACTGTTTCGTCGTTATGATGATTTTGTTGTTGAAGGCACCAGCTTTACCAAACTGGTGAAACGTCAGCCGAGCC
CGAGCCTGAGCCCGGCAGCAGCAGCTGGTGCCGGTGCTCAGCAGCATCATCATCATCACCATTAAGGATCC
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Fig. A 16 NusAHPLsg.n fusion protein sequence and nusAhplss.y fusion gene sequence with His6-
tag marked in grey and restriction sites underlined. Enterokinase cleavage site is marked blue.
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Fig. A 17 Expression vector pET-28a::NusAhpl (a) for expression of fusion proteins with NusA and
HPLpc-n = P. guajava, HPLcp-x = C. papaya, HPLuy.n = H. vulgare and HPLsg.n = S. bicolor and agarose
gels of restriction digests of pET-28a::nusAhpl-N (b) with Ndel and BamHI. M: DNA ladder marker
with sizes in bp.
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Fig. A 18 SDS-PAGE of HPL¢p.ny expression in E. coli C41(DE3). M: protein marker with sizes in kDa,
CE: crude extract and SF: soluble fraction.
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Fig. A 19 SDS-PAGEs of HPLcp.x expression in E. coli Lemo21 and BL21(DE3) in the crude extract
(a) and the soluble fraction (b). For expression with Lemo21, rhamnose (Rh) was added in
concentrations ranging from 0 to 2000 uM. M: protein marker with sizes in kDa, NC: negative
control, CE: crude extract and SF: soluble fraction.
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Fig. A 20 Initial purification process of HPLcp.n, determined by SDS-PAGE (a) and photometrical
enzyme assay (b). M: protein marker with sizes in kDa, NC: negative control, CE: crude extract, SF:
soluble fraction, FT: flow through and E500: elution with 500 mM imidazole.
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Fig. A 21 Purification process of HPLcp.y purification using a gradient of imidazole for elution,
determined by SDS-PAGE (a) and photometrical enzyme assay (b). M: protein marker with sizes
in kDa, NC: negative control, CE: crude extract, SF: soluble fraction, W40: washing fraction with
40 mM imidazole, W100: washing fraction with 100 mM, E250: elution with 250 mM imidazole
and E500: elution with 500 mM imidazole.
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Fig. A 22 Mass spectra of reference standards analyzed with GC-MS of (a) 12-0x0-9(Z)-dodecenoic
acid, (b) 12-ox0-10(E)-dodecenoic acid and (c) hexanal. Samples were hydrogenated with sodium
borohydride and silylated with BSTFA-TMCS. Figure modified and reproduced from [175] with

permission from Springer Nature.
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Fig. A 23 Calibration curves of hydrogenated and silylated linoleic acid (a), 13(S)-HPODE (b),
12-hydroxydodecanoic acid (c) and hexanal (d), measured on GC-FID. Linear regression was
conducted with GraphPad Prism 6.05.
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>TRcv

MQKQRTTSQWRELDAAHHLHPFTDTASLNQAGARVMTRGEGVYLWDSEGNKIIDGMAGLWCVNVGYGRKDFAE
AARRQMEELPFYNTFFKTTHPAVVELSSLLAEVTPAGFDRVFYTNSGSESVDTMIRMVRRYWDVQGKPEKKTLIG
RWNGYHGSTIGGASLGGMKYMHEQGDLPIPGMAHIEQPWWYKHGKDMTPDEFGVVAARWLEEKILEIGADKVA
AFVGEPIQGAGGVIVPPATYWPEIERICRKYDVLLVADEVICGFGRTGEWFGHQHFGFQPDLFTAAKGLSSGYLPIGA
VFVGKRVAEGLIAGGDFNHGFTYSGHPVCAAVAHANVAALRDEGIVQRVKDDIGPYMQKRWRETFSRFEHVDDVR
GVGMVQAFTLVKNKAKRELFPDFGEIGTLCRDIFFRNNLIMRACGDHIVSAPPLVMTRAEVDEMLAVAERCLEEFE
QTLKARGLAHHHHHH*

>trcv codon-optimized

CATATGCAGAAACAGCGTACCACCAGTCAGTGGCGTGAACTGGATGCAGCCCATCATCTGCATCCGTTCACCGATA
CCGCCAGCCTGAATCAGGCCGGCGCCCGTGTGATGACCCGTGGTGAAGGTGTGTATCTGTGGGATAGTGAAGGTA
ATAAAATTATTGACGGTATGGCCGGTCTGTGGTGCGTGAATGTGGGCTATGGCCGTAAAGACTTCGCAGAAGCAG
CACGTCGCCAGATGGAAGAACTGCCGTTCTATAATACCTTCTTCAAAACCACCCATCCGGCAGTTGTTGAACTGAG
TAGTCTGCTGGCAGAAGTTACCCCGGCAGGCTTCGATCGTGTGTTCTATACCAATAGTGGTAGTGAAAGTGTGGA
TACCATGATTCGCATGGTGCGTCGTTATTGGGATGTGCAGGGCAAACCGGAAAAAAAAACCTTAATTGGCCGTTG
GAATGGTTATCATGGTAGTACCATTGGTGGTGCAAGTCTGGGTGGTATGAAATATATGCATGAACAGGGCGATCT
GCCGATTCCGGGCATGGCACATATTGAACAGCCGTGGTGGTATAAACATGGCAAAGATATGACCCCGGATGAATT
CGGTGTTGTGGCAGCACGTTGGCTGGAAGAAAAAATTCTGGAAATTGGCGCCGATAAAGTTGCCGCCTTCGTGGG
CGAACCGATTCAGGGTGCAGGTGGTGTTATTGTTCCGCCGGCAACCTATTGGCCGGAAATTGAACGTATCTGTCG
CAAATATGATGTTCTGCTGGTGGCCGATGAAGTGATCTGTGGCTTCGGCCGCACCGGTGAATGGTTCGGTCATCA
GCACTTCGGCTTCCAGCCGGATCTGTTCACCGCCGCAAAAGGCCTGAGCAGCGGCTATCTGCCGATTGGCGCAGTG
TTCGTGGGTAAACGTGTTGCAGAAGGCCTGATTGCAGGTGGTGACTTCAATCATGGCTTCACCTATAGTGGCCAT
CCGGTGTGTGCCGCCGTGGCCCATGCAAATGTTGCCGCCCTGCGCGATGAAGGCATTGTTCAGCGCGTTAAAGATG
ATATTGGTCCGTATATGCAGAAACGTTGGCGTGAAACCTTCAGCCGCTTCGAACATGTTGATGATGTTCGCGGCG
TGGGTATGGTGCAGGCATTCACCCTGGTTAAAAATAAAGCAAAACGCGAACTGTTCCCGGACTTCGGTGAAATTG
GCACCCTGTGTCGTGATATCTTCTTCCGTAATAATCTGATTATGCGTGCCTGTGGCGATCATATTGTTAGCGCACC
GCCGCTGGTTATGACCCGCGCCGAAGTGGATGAAATGCTGGCAGTGGCAGAACGTTGCCTGGAAGAATTCGAACA
GACCCTGAAAGCACGCGGTCTGGCACATCATCATCATCACCATTAAGGATCC

Fig. A 24 Protein sequence of w-transaminase TR¢y from C. violaceum and codon-optimized trcy
gene sequence with His6-tag marked in grey and restriction sites underlined.
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>TRsp

MPSITNHLPTAELQALDSAHHMHPFTTNDELTQKGARVITRAKGIYLTDSEGNEILDAMAGLWCVNLG

YGREEMGQVAARQMNELPYYNTFFQTTHVPAIALAKELADLAPGDLNYVFFAGSGSEANDTNLRMVRT
YWAQKGKPEKSHVISRKNAYHGSSVGSASLGGMTPMHEQGGLPIPGIHHIGQPDWWAEGGDQSPEEFG
LARARELEDKILELGADNVAAFIGEPIQGAGGVVIPPSTYWPEIQRICDKHDVLLIADEVICGFGRTGNWF
GSQTMGIKPHIMTIAKGLSSGYAPIGGSIVCDEVAEVINACEFNHGYTYSGHPVCAAVALENLRIMQEENII
DHVQNVAAPALQEALNKLGEHPLVGGVNVSGLMASLPLTPHKESRAKFASDAGTAGYLCREHCFANNL
VMRHVGDRMIISPPLIITPEEIAIFADRATRALDATYADLKDKDLLKAASHHHHHH*

>trsp codon-optimized

CATATGCCGAGTATTACCAATCATCTGCCGACCGCCGAACTGCAGGCACTGGATAGCGCCCATCACATG
CATCCGTTCACCACCAATGATGAACTGACCCAGAAAGGTGCCCGTGTGATTACCCGTGCAAAAGGCATC
TATCTGACCGATAGTGAAGGCAATGAAATTCTGGATGCCATGGCCGGCCTGTGGTGTGTTAATCTGGG
CTATGGTCGCGAAGAAATGGGTCAGGTTGCAGCACGCCAGATGAATGAACTGCCGTATTATAATACCT
TCTTCCAGACCACCCATGTTCCGGCCATTGCACTGGCCAAAGAACTGGCCGATCTGGCCCCGGGTGATC
TGAATTATGTGTTCTTCGCCGGCAGCGGTAGCGAAGCCAATGATACCAATCTGCGTATGGTGCGTACCT
ATTGGGCACAGAAAGGCAAACCGGAAAAAAGTCATGTGATTAGTCGCAAAAATGCATATCATGGTAGC
AGTGTGGGTAGCGCCAGTCTGGGTGGTATGACCCCGATGCATGAACAGGGTGGTCTGCCGATTCCGGG
CATTCATCATATTGGTCAGCCGGATTGGTGGGCAGAAGGTGGTGATCAGAGTCCGGAAGAATTCGGCC
TGGCACGCGCACGTGAACTGGAAGATAAAATTCTGGAACTGGGCGCAGATAATGTGGCCGCATTCATT
GGCGAACCGATTCAGGGTGCAGGTGGTGTTGTGATTCCGCCGAGCACCTATTGGCCGGAAATTCAGCGC
ATCTGTGATAAACATGATGTTCTGCTGATTGCAGATGAAGTTATCTGTGGCTTCGGTCGCACCGGCAA
TTGGTTCGGTAGCCAGACCATGGGCATTAAACCGCATATTATGACCATTGCCAAAGGTCTGAGCAGCG
GCTATGCCCCGATTGGTGGCAGCATTGTGTGTGATGAAGTGGCCGAAGTGATTAATGCATGTGAATTC
AATCATGGCTATACCTATAGTGGTCATCCGGTGTGTGCCGCAGTTGCACTGGAAAATCTGCGTATTAT
GCAGGAAGAAAATATTATTGACCACGTTCAGAATGTGGCAGCACCGGCCCTGCAGGAAGCACTGAATA
AACTGGGTGAACATCCGCTGGTGGGTGGCGTTAATGTGAGTGGTCTGATGGCCAGCCTGCCGCTGACCC
CGCATAAAGAAAGTCGTGCAAAATTCGCAAGTGATGCCGGCACCGCAGGCTATCTGTGCCGTGAACAT
TGCTTCGCAAATAATCTGGTGATGCGTCATGTGGGCGATCGTATGATTATTAGTCCGCCGCTGATTAT
TACCCCGGAAGAAATTGCAATCTTCGCCGATCGCGCAACCCGTGCCCTGGATGCCACCTATGCAGATCT
GAAAGATAAAGATCTGCTGAAAGCAGCAAGCCATCATCATCATCACCATTAAGGATCC

Fig. A 25 Protein sequence of w-transaminase TRsp from S. delicatus and codon-optimized trsp
gene sequence with His6-tag marked in grey and restriction sites underlined.
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>TRap

MQNQRTTTEWRELDAAHHLHPFTDTNSLNQQGARVITKADGIYLYDSEGNKILDGMAGLWCVNIGYGRKDLPEV
AKQQMEQLAYYNTFFKTTHPAVVELSHLLAEVAPEGFKQVFYTNSGSESVDTMIRMVRRYWDVKGKKDKKTLIGR
WNGYHGSTIGGASLGGMTYMHEQGDLPIPGIVHVEQPWWYKHGKDMTPEEFGLAAAKWVEDKILEVGADKVAA
FVGEPIQGAGGVIVPPSTYWPEIQRICQKYDILLVADEVICGFGRTGEWFGQQVFGFKPDIFTTAKGLSSGYQPIGAVF
VNEKVATTLAEGGDFNHGFTYSGHPVAAAVAHANVKALRDEGIVDRVKNDTGPYMQKRWREVFGQFEHVDDVR
GVGLIQAFTLVKNKATRELFPNFGEIGTMCRDIFFKNNLIMRACGDHIVSAPPLVISKEEIDQMLETAAKCMVEFEK
QLKERGLVHHHHHH*

>trap codon-optimized

CATATGCAGAATCAGCGTACCACCACCGAATGGCGTGAACTGGATGCAGCACATCATCTGCATCCGTTCACCGATA
CCAATAGTCTGAATCAGCAGGGTGCACGCGTGATTACCAAAGCCGATGGCATCTATCTGTATGATAGTGAAGGCA
ATAAAATCCTGGATGGTATGGCCGGCCTGTGGTGCGTTAATATTGGCTATGGCCGTAAAGATCTGCCGGAAGTTG
CAAAACAGCAGATGGAACAGCTGGCCTATTATAATACCTTCTTCAAAACCACCCATCCGGCAGTGGTTGAACTGA
GTCATCTGCTGGCCGAAGTTGCACCGGAAGGCTTCAAACAGGTGTTCTATACCAATAGTGGTAGTGAAAGTGTGG
ATACCATGATTCGCATGGTTCGCCGCTATTGGGATGTTAAAGGTAAAAAAGATAAGAAGACCCTGATTGGTCGCT
GGAATGGCTATCATGGTAGCACCATTGGTGGTGCAAGTCTGGGCGGTATGACCTATATGCATGAACAGGGTGATC
TGCCGATTCCGGGTATTGTGCATGTTGAACAGCCGTGGTGGTATAAACATGGCAAAGATATGACCCCGGAAGAAT
TCGGCCTGGCAGCAGCAAAATGGGTGGAAGATAAAATTCTGGAAGTGGGCGCCGATAAAGTTGCAGCATTCGTTG
GCGAACCGATTCAGGGTGCCGGCGGCGTGATTGTGCCGCCTAGTACCTATTGGCCGGAAATTCAGCGTATCTGTCA
GAAATATGATATTCTGCTGGTGGCAGATGAAGTGATCTGTGGCTTCGGTCGTACCGGTGAATGGTTCGGTCAGCA
GGTGTTCGGCTTCAAACCGGATATCTTCACCACCGCCAAAGGTCTGAGTAGTGGCTATCAGCCGATTGGTGCAGTG
TTCGTTAATGAAAAAGTTGCAACCACCCTGGCCGAAGGCGGCGACTTCAATCATGGCTTCACCTATAGCGGTCATC
CGGTTGCAGCCGCCGTTGCCCATGCCAATGTTAAAGCCCTGCGTGATGAAGGCATTGTTGATCGCGTTAAAAATG
ATACCGGCCCGTATATGCAGAAACGTTGGCGCGAAGTGTTCGGCCAGTTCGAACATGTGGATGATGTGCGCGGCG
TTGGCCTGATTCAGGCCTTCACCCTGGTGAAAAATAAAGCAACCCGCGAACTGTTCCCGAACTTCGGCGAAATTGG
TACCATGTGTCGCGATATCTTCTTCAAAAATAATCTGATTATGCGCGCCTGTGGCGATCATATTGTTAGCGCACCG
CCGCTGGTTATTAGTAAAGAAGAAATTGATCAGATGCTGGAAACCGCAGCAAAATGTATGGTGGAATTCGAAAA
ACAGCTGAAAGAACGTGGTCTGGTTCATCATCATCATCACCATTAAGGATCC

Fig. A 26 Protein sequence of w-transaminase TRap from A. denitrificans and codon-optimized trap
gene sequence with His6-tag marked in grey and restriction sites underlined.
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>TRpp

MNQPQSWEARAETYSLYGFTDMPSVHQRGTVVVTHGEGPYIVDVHGRRYLDANSGLWNMVAGFDHKGLIEAAK
AQYDRFPGYHAFFGRMSDQTVMLSEKLVEVSPFDNGRVFYTNSGSEANDTMVKMLWFLHAAEGKPQKRKILTRW
NAYHGVTAVSASMTGKPYNSVFGLPLPGFIHLTCPHYWRYGEEGETEAQFVARLARELEDTITREGADTIAGFFAE
PVMGAGGVIPPAKGYFQAILPILRKYDIPMISDEVICGFGRTGNTWGCLTYDFMPDAIISSKNLTAGFFPMGAVILGP
DLAKRVEAAVEAIEEFPHGFTASGHPVGCAIALKAIDVVMNEGLAENVRRLAPRFEAGLKRIADRPNIGEYRGIGFM
WALEAVKDKPTKTPFDANLSVSERIANTCTDLGLICRPLGQSIVLCPPFILTEAQMDEMFEKLEKALDKVFAEVAH
HHHHH*

>trep codon-optimized

CATATGAACCAGCCGCAGAGTTGGGAAGCCCGCGCAGAAACCTATAGTCTGTATGGCTTCACCGATATGCCGAGC
GTTCATCAGCGCGGCACCGTGGTTGTTACCCATGGTGAAGGCCCGTATATTGTGGATGTTCATGGCCGCCGTTATC
TGGATGCCAATAGCGGTCTGTGGAATATGGTTGCCGGCTTCGATCATAAAGGTCTGATTGAAGCAGCAAAAGCCC
AGTATGATCGCTTCCCGGGTTATCATGCCTTCTTCGGTCGTATGAGCGATCAGACCGTGATGCTGAGCGAAAAAC
TGGTTGAAGTGAGTCCGTTCGATAATGGTCGCGTGTTCTATACCAATAGCGGTAGCGAAGCCAATGATACCATGG
TGAAAATGCTGTGGTTCCTGCATGCAGCAGAAGGCAAACCGCAGAAACGTAAAATTCTGACCCGTTGGAATGCAT
ATCATGGTGTGACCGCCGTTAGCGCCAGTATGACCGGTAAACCGTATAATAGTGTGTTCGGCCTGCCGCTGCCGGG
CTTCATTCATCTGACCTGTCCGCATTATTGGCGTTATGGTGAAGAAGGCGAAACCGAAGCACAGTTCGTTGCCCGC
CTGGCCCGCGAACTGGAAGATACCATTACCCGCGAAGGCGCCGATACCATTGCAGGCTTCTTCGCCGAACCGGTTA
TGGGCGCCGGTGGTGTTATTCCGCCGGCCAAAGGCTACTTCCAGGCAATTCTGCCGATTCTGCGTAAATATGATAT
TCCGATGATTAGCGATGAAGTGATCTGTGGCTTCGGTCGTACCGGTAATACCTGGGGTTGCCTGACCTATGACTTC
ATGCCGGATGCAATTATTAGCAGCAAAAATCTGACCGCCGGCTTCTTCCCGATGGGTGCCGTTATTCTGGGTCCGG
ATCTGGCAAAACGTGTTGAAGCAGCAGTGGAAGCAATTGAAGAATTCCCGCATGGCTTCACCGCAAGTGGCCATC
CGGTTGGTTGTGCAATTGCCCTGAAAGCCATTGATGTGGTTATGAATGAAGGTCTGGCCGAAAATGTGCGTCGCC
TGGCCCCGCGCTTCGAAGCTGGTCTGAAACGCATTGCCGATCGCCCGAATATTGGCGAATATCGCGGTATTGGCTT
CATGTGGGCCCTGGAAGCCGTTAAAGATAAACCGACCAAAACACCGTTCGATGCCAATCTGAGTGTGAGCGAACG
CATTGCAAATACCTGTACCGATCTGGGCCTGATCTGTCGCCCGCTGGGTCAGAGTATTGTGCTGTGTCCGCCGTTC
ATTCTGACCGAAGCCCAGATGGATGAAATGTTCGAAAAACTGGAAAAAGCACTGGATAAAGTGTTCGCCGAAGTT
GCCCATCATCATCATCACCATTAAGGATCC

Fig. A 27 Protein sequence of w-transaminase TRpp from P. denitrificans and codon-optimized trpp
gene sequence with His6-tag marked in grey and restriction sites underlined.
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>TR2

MSQSQRSTADWQRLDAAHHLHPFTDYGELNTKGSRIITRAEGCYLWDSDGNQILDGMAGLWCVNIGYGRKELAE
VAYRQMQELPYYNNFFQCSHPPAIELSRLLSEVTPKHMNHVFFTGSGSDSNDTILRMVRYYWKLLGKPYKKVVISR
ENAYHGSTVAGASLSGMKAMHAQGDLPIPGIEHIEQPYHFGRAPDMDPAEFGRQAAQALERKIDEIGECNVAAFIA
EPIQGAGGVIIPPDSYWPEIKRICAERDILLIVDEVITGFGRLGTWFGSQYYDLQPDLMPIAKGLSSGYMPIGGVMVSD
RVAKVVIEEGGEFFHGYTYSGHPVAAAVAAENIRIMRDEGIIERAGAEIAPYLQARWRELGEHPLVGEARGVGMVA
ALELVKSKQPLERFEEPGKVGSLCRDLSVKNGLVMRAVGGTMIISPPLVLSREQVDELIDKARRTLDETHKAIGGAH
HHHHH*

>tr2

ATGAGTCAATCGCAACGCTCCACCGCAGACTGGCAGCGCCTCGACGCCGCCCACCACCTGCACCCGTTCACCGACT
ACGGCGAACTCAATACCAAGGGCTCGCGCATCATCACGCGTGCCGAAGGCTGTTACCTGTGGGATTCCGACGGCAA
CCAGATCCTGGACGGCATGGCCGGCCTGTGGTGCGTCAACATCGGCTACGGGCGCAAGGAACTCGCCGAAGTCGCC
TACAGGCAGATGCAGGAACTGCCCTACTACAACAACTTCTTCCAATGCAGCCATCCGCCGGCCATCGAGCTGTCGC
GGCTGCTGTCCGAGGTCACTCCCAAGCACATGAACCATGTGTTCTTCACCGGCTCGGGCTCGGACTCCAACGACAC
CATCCTGCGCATGGTGCGCTACTACTGGAAGCTGCTCGGCAAGCCCTACAAGAAGGTCGTCATCTCGCGTGAGAAC
GCCTACCACGGCAGCACCGTGGCCGGCGCCAGCCTGAGCGGCATGAAAGCCATGCACGCGCAGGGCGACCTGCCGA
TTCCCGGCATCGAACATATCGAACAGCCCTACCACTTCGGCCGCGCGCCGGACATGGACCCGGCCGAATTCGGCCG
CCAGGCCGCGCAGGCGCTGGAGCGCAAGATCGACGAGATCGGCGAGTGCAACGTCGCTGCCTTCATCGCCGAGCCC
ATCCAGGGCGCCGGCGGCGTGATCATCCCGCCGGACAGCTACTGGCCGGAGATCAAGCGCATCTGCGCCGAACGCG
ACATCCTGTTGATCGTCGACGAGGTCATCACCGGCTTCGGTCGCCTGGGCACCTGGTTCGGCTCGCAGTACTACGA
CCTCCAGCCGGATCTCATGCCCATCGCCAAGGGTCTGTCCTCGGGCTACATGCCGATCGGCGGCGTGATGGTTTCC
GACCGCGTGGCCAAGGTCGTCATCGAGGAAGGCGGCGAGTTCTTCCACGGCTATACCTACTCCGGCCATCCGGTGG
CGGCAGCGGTTGCCGCGGAGAACATCCGCATCATGCGCGACGAAGGCATCATCGAACGCGCCGGCGCGGAGATCGC
ACCGTACCTGCAGGCCCGCTGGCGCGAGCTGGGCGAGCATCCGCTGGTCGGCGAGGCGCGCGGCGTGGGCATGGTG
GCAGCCTTGGAACTGGTCAAATCCAAGCAGCCCCTGGAGCGCTTCGAGGAGCCCGGCAAGGTCGGCAGCCTGTGCC
GCGACCTGAGCGTCAAGAACGGCCTGGTGATGCGCGCGGTGGGCGGCACGATGATCATTTCGCCGCCGTTGGTTCT
CAGCCGCGAACAGGTCGACGAGCTCATCGACAAGGCCCGCAGGACGCTGGACGAAACGCACAAGGCGATCGGCGG
CGCCCATCATCATCATCACCATTGA

Fig. A 28 Protein sequence of w-transaminase TR from Acidihalobacter sp. and codon-optimized
tr; gene sequence with His6-tag marked in grey and restriction sites underlined.
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>TR3
MKDENFLKENNARHLWHPMGAPGDLQANTPKIITGASGVSITDIDGHQTVDAVGGLWCVNLGYSNDVVKEAIAK
QLYDLPYYSAFAGTSNPPAIEASYAVREFFAEDGMGRVFFTSGGSDSVETALRLARQYHRLRGEPTRTKYISLKKGY
HGTHFGGASVNGNNRFRINYEPLLPGCFHLPSPYPYRNPFNETDPAQLAQNIAAAFEDEIAFQDANTIAAFIMEPIQ
GAGGVIVPDASFMGLMRDICDRHGILLISDEVITGFGRTGDWSGARHWGVKPDLMTTAKGITSGYFPVGACLLSEA
VAEVFEKDTSGEAAIYHGYTYSAHPVGAAAVVATLAETQRLDLKTNAAARGTQLFEGVKKLAEKHDIIGDVRGGHG

LMTGIEIVSDKAAKTPMDNETMKRIHQTAYEAGAMVRLGAHNVLMSPPLTISEAEVNTILTALDAGFSAAHHHHH
H*

>tr3

ATGAAAGACGAAAACTTCCTCAAGGAAAACAACGCCCGCCACCTCTGGCACCCGATGGGCGCCCCCGGTGATTTGC
AGGCCAACACGCCAAAAATCATCACCGGTGCCTCGGGCGTCTCGATCACCGACATTGACGGCCACCAAACCGTCGA
CGCCGTGGGCGGGCTCTGGTGCGTCAACCTCGGCTACTCCAACGACGTGGTGAAAGAGGCGATCGCCAAACAACTC
TACGATCTGCCCTACTACTCCGCCTTCGCCGGAACCTCGAACCCGCCCGCCATCGAAGCGTCCTACGCCGTGCGCGA
ATTCTTTGCCGAGGACGGCATGGGCCGCGTCTTCTTTACCTCCGGCGGCAGCGACAGCGTCGAAACCGCCCTGCGC
CTCGCGCGTCAGTATCACCGCCTGCGCGGCGAACCGACCCGCACCAAATATATCTCGCTCAAAAAAGGCTACCACG
GCACGCATTTCGGCGGTGCGTCGGTCAACGGCAACAACCGGTTCCGCATCAACTACGAACCGCTCCTGCCGGGCTG
CTTCCACCTGCCCTCGCCCTACCCCTACCGTAACCCCTTCAACGAAACCGATCCGGCCCAGCTCGCTCAGAACATCG
CCGCCGCGTTTGAAGACGAAATCGCCTTTCAGGACGCGAACACCATCGCCGCCTTCATCATGGAACCGATCCAAGG
CGCGGGCGGTGTCATCGTGCCGGACGCGAGTTTCATGGGCCTCATGCGCGACATCTGTGACCGCCACGGCATCCTG
CTGATCTCGGACGAAGTCATCACCGGCTTTGGCCGCACCGGCGACTGGTCCGGCGCACGTCACTGGGGCGTCAAAC
CCGACCTGATGACCACCGCCAAGGGCATCACCTCGGGCTATTTCCCCGTCGGCGCCTGCCTCCTGAGCGAAGCCGT
GGCCGAAGTCTTTGAAAAAGACACCAGCGGCGAAGCGGCTATCTATCACGGCTACACCTACTCGGCCCACCCGGTC
GGCGCGGCCGCCGTTGTGGCCACACTCGCCGAAACCCAACGCCTCGACCTCAAGACCAACGCTGCCGCCCGCGGCA
CCCAACTCTTTGAGGGCGTAAAGAAACTTGCCGAGAAACACGACATCATCGGCGATGTGCGCGGCGGCCATGGCCT
CATGACCGGGATCGAAATCGTCTCGGACAAAGCGGCCAAGACCCCGATGGACAACGAGACCATGAAACGCATCCA
CCAAACCGCCTACGAGGCCGGTGCCATGGTGCGTCTGGGCGCACATAACGTGCTCATGTCCCCGCCCCTGACCATC

TCCGAGGCCGAAGTGAACACGATCCTCACCGCCCTCGACGCAGGCTTCTCCGCCGCGCATCATCATCATCACCATT
AA

Fig. A 29 Protein sequence of w-transaminase TR3 from Rhodobacteraceae bacteria and codon-
optimized tr; gene sequence with His6-tag marked in grey and restriction sites underlined.
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>TR6

MVQITNHMPTAELQALDAAHHMHPFTTQSELAERGARVITRAEGAYIYDSEGNKILDGMAGLWCVNIGYGRQELV
DVAARQMAELPYYNTFFMTTHVPAIALSAKLAELAPAHLNHVFYSSSGSEANDTNIRLVRTYWAEKGKPSKSIIISR
HNAYHGSTLGGASLGGMGGMHAQGGLPIPDIHHIDQPNWWAEGGDMDPAEFGLERAQQLEKAILKLGEDRVAAF
IAEPVQGAGGVIVPPETYWPEIQRICDKYEILLIADEVICGFGRTGNWFGSETVGWKPDIMTIAKGLSSGYQPIGGSIV
SDEIATVIGNCEFNHGYTYHAHPVAAAVALENLRILDEEGIVARVRDETGPYLAQKWAAMADHPMVGEASIVGMM
GSIALTPNKSTRATFKAEAGTVGYICRERCFANNLVMRHVGDRMIISPPLTLTRDEIDLLIERAWKSLDEGMAEVKK
QGLWQEGHHHHHH*

>tré

ATGGTCCAGATCACCAACCACATGCCCACCGCCGAATTGCAGGCGCTGGATGCCGCGCACCACATGCACCCGTTTA
CCACGCAATCCGAACTGGCCGAACGTGGCGCGCGGGTCATCACCCGTGCCGAGGGCGCGTATATTTATGACTCCGA
GGGCAATAAAATTCTGGATGGCATGGCCGGTTTGTGGTGTGTCAACATCGGTTATGGTCGTCAGGAACTGGTCGA
TGTGGCGGCGCGCCAAATGGCGGAACTGCCCTATTACAACACGTTTTTCATGACCACCCATGTGCCCGCGATTGCC
CTGTCCGCCAAACTGGCCGAACTGGCGCCCGCGCATCTGAACCACGTGTTCTATTCCTCTTCGGGGTCCGAAGCGA
ACGATACCAACATCCGTTTGGTGCGCACCTATTGGGCCGAAAAGGGCAAGCCGTCGAAATCCATTATCATCAGCCG
CCACAACGCCTATCACGGGTCCACCCTTGGCGGTGCCAGCCTTGGCGGTATGGGCGGTATGCACGCACAGGGCGGC
CTGCCGATTCCCGATATTCATCATATTGATCAACCGAACTGGTGGGCCGAGGGCGGCGATATGGACCCTGCCGAAT
TTGGTCTGGAACGCGCGCAACAGCTGGAAAAGGCGATTCTGAAACTGGGCGAGGACCGCGTTGCCGCCTTTATCG
CCGAACCCGTGCAGGGGGCTGGTGGTGTGATCGTGCCGCCAGAAACCTATTGGCCGGAAATTCAGCGCATTTGCG
ACAAATACGAAATCCTGCTGATCGCAGACGAGGTGATCTGCGGTTTCGGGCGCACCGGCAACTGGTTCGGGTCTG
AAACCGTGGGCTGGAAACCCGACATCATGACCATCGCCAAGGGCCTGTCGTCAGGGTATCAGCCCATCGGCGGCTC
GATTGTGTCCGACGAAATCGCCACAGTGATTGGCAACTGCGAATTCAATCATGGTTATACCTATCATGCCCATCCG
GTGGCTGCTGCGGTGGCCTTGGAAAACCTGCGCATTCTGGACGAAGAGGGCATAGTCGCCCGTGTTAGAGACGAA
ACTGGCCCCTATCTGGCGCAGAAATGGGCGGCGATGGCCGACCACCCGATGGTGGGAGAGGCCAGCATCGTGGGC
ATGATGGGGTCTATTGCTTTGACCCCCAACAAATCAACCCGCGCCACGTTCAAGGCCGAGGCAGGCACCGTGGGTT
ACATCTGCCGCGAGCGTTGCTTTGCCAATAATCTGGTGATGCGCCATGTCGGCGACCGCATGATCATTTCACCGCC
GCTGACCCTGACCCGCGATGAGATCGACCTTTTGATTGAACGTGCATGGAAATCGCTGGACGAAGGCATGGCCGA
GGTCAAGAAACAGGGCCTGTGGCAAGAGGGACATCATCATCATCACCATTAG

Fig. A 30 Protein sequence of w-transaminase TR¢ from Rhodobacteraceae bacteria and codon-
optimized trs gene sequence with His6-tag marked in grey and restriction sites underlined.
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Fig. A 31 Calibration curve 12-aminododecanoic acid analyzed with HPLC-ELSD. Concentrations
ranging from 0.15 to 2.5 mM were measured in triplicate and plotted against the peak area. Linear
regression was performed with GraphPad Prism 6.05.
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TR3
TRPD
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TR6
TR2
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TRAD

MPSITNHLPT
MVQITNHMPT
--MSQSQRST
-—--MQKQRTT
-—--MQONQRTT

I
60
DGHQTVDANG
HGRRYLDANS
EGNEILDAMA
EGNKILDGMA
DGNQILDGMA
EGNKIIDGMA
EGNKILDGMA

_—

110
EASYAVREFF
MLSEKLVEV-
ALAKELADL-
ALSAKLAEL-
ELSRLLSEV-
ELSSLLAEV-
ELSHLLAEV-

.

160
ISLKKGYHGT
LTRWNAYHGV
ISRKNAYHGS
ISRHNAYHGS
ISRENAYHGS
IGRWNGYHGS
IGRWNGYHGS

.

210
DPAQLAQNIA
TEAQFVARLA
SPEEFGLARA
DPAEFGLERA
DPAEFGRQAA
TPDEFGVVAA
TPEEFGLAAA

R
20

NFLKENNARH
QSWEARAETY
AELQALDSAH
AELQALDAAH
ADWQRLDAAH
SQWRELDAAH
TEWRELDAAH

I
70
GLWCVNLGYS
GLWNMVAGED
GLWCVNLGYG
GLWCVNIGYG
GLWCVNIGYG
GLWCVNVGYG
GLWCVNIGYG

-
120
AEDGMGRVFEF
SPEFDNGRVEY
APGDLNYVEFEF
APAHLNHVEY
TPKHMNHVFEF
TPAGFDRVEY
APEGFKQVEFEY

-
170
HFGGASVNGN
TAVSASMTGK
SVGSASLGGM
TLGGASLGGM
TVAGASLSGM
TIGGASLGGM
TIGGASLGGM

-
220
AAFEDEIAFQ
RELEDTITRE
RELEDKILEL
QQLEKAILKL
QALERKIDET
RWLEEKILET
KWVEDKILEV

30
LWHPMGAPGD
SLYGETDMPS
HMHPETTNDE
HMHPETTQSE
HLHPETDYGE
HLHPETDTAS
HLHPETDTNS

R
80
NDVVKEATIAK
HKGLIEAAKA
REEMGQVAAR
ROELVDVAAR
RKELAEVAYR
RKDFAEAARR
RKDLPEVAKQ

-
130

TSGGSDSVET
TNSGSEANDT
AGSGSEANDT
SSSGSEANDT
TGSGSDSNDT
TNSGSESVDT
TNSGSESVDT

-
180

NRFRINYEPL
PYN-SVFGLP
TPMHEQGGLP
GGMHAQGGLP
KAMHAQGDLP
K¥YMHEQGDLP
TYMHEQGDLP

-
230
DANTIAAFIM
GADTIAGFFA
GADNVAAFIG
GEDRVAAFIA
GECNVAAFIA
GADKVAAFVG
GADKVAAFVG
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40
LOANTPKIIT
VHQRGTVVVT
LTQKGARVIT
LAERGARVIT
LNTKGSRIIT
LNQAGARVMT
LNQQGARVIT

R
90
QLYDLPYYSA
QYDRFPGYHA
QOMNELPYYNT
OMAELPYYNT
OMOELPYYNN
OMEELPFYNT
OMEQLAYYNT

-
140
ALRLARQYHR
MVKMLWEFLHA
NLRMVRTYWA
NIRLVRTYWA
ILRMVRYYWK
MIRMVRRYWD
MIRMVRRYWD

-
190

LPGCFHLPSP
LPGFIHLTCP
IPGIHHIGQP
IPDIHHIDQP
IPGIEHIEQP
IPGMAHIEQP
IPGIVHVEQP

-
240
EPIQGAGGVI
EPVMGAGGVI
EPIQGAGGVV
EPVQGAGGVI
EPIQGAGGVI
EPIQGAGGVI
EPIQGAGGVI

R
50
GASGVSITDI
HGEGPYIVDV
RAKGIYLTDS
RAEGAYIYDS
RAEGCYLWDS
RGEGVYLWDS
KADGIYLYDS

o
100
FAGTSNPPAI
FEFGRMSDQTV
FEFQTTHVPAI
FEMTTHVPATI
FFQCSHPPAI
FEKTTHPAVV
FEKTTHPAVV

-
150
LRGEPTRTKY
AEGKPQOKRKI
QKGKPEKSHV
EKGKPSKSII
LLGKPYKKVV
VOGKPEKKTL
VKGKKDKKTL

-
200
YPYRNPENET
HYWRYGEEGE
DWWAEGGDQ-
NWWAEGGDM-
YHFGRAPDM-
WWYKHGKDM-
WWYKHGKDM-

-
250
VPDASFMGLM
PPAKGYFQAT
IPPSTYWPET
VPPETYWPET
IPPDSYWPETI
VPPATYWPEI
VPPSTYWPET
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_—
260

-
270

-
300

280 290
TR3 RDICDRHGIL LISDEVEITGE GRTGDWSGAR HWGVKPDLMT TAKGITSGYF
TRPD LPILRKYDIP MISDEVEICGE GRTGNTWGCL TYDFMPDAII SSKNLTAGFF
TRSD QRICDKHDVL LIADEVICGE GRTGNWEFGSQ TMGIKPHIMT IAKGLSSGYA
TR6 QRICDKYEIL LIADEVICGE GRTGNWEFGSE TVGWKPDIMT IAKGLSSGYQ
TR2 KRICAERDIL LIVDEVETGFE GRLGTWEFGSQ YYDLQPDLMP IAKGLSSGYM
TRCV ERICRKYDVL LVADEVICGFEF GRTGEWFGHQ HFGFQPDLEFT AAKGLSSGYL
TRAD QRICQKYDIL LVADEVICGFE GRTGEWFGQQ VFGFKPDIFT TAKGLSSGYQ
R —— R R R —— R
310 320 330 340 350
TR3 PVGACLLSEA VAEVFEKDTS GEAAIYHGYT YSAHPVGAAA VVATLAETQR
TRPD PMGAVILGPD LAKRVEAAVE AIEEFPHGET ASGHPVGCAI ALKAIDVVMN
TRSD PIGGSIVCDE VAEVI----- NACEFNHGYT YSGHPVCAAV ALENLRIMQE
TR6 PIGGSIVSDE IATVI----- GNCEFNHGYT YHAHPVAAAV ALENLRILDE
TR2 PIGGVMVSDR VAKVV---IE EGGEFFHGYT YSGHPVAAAV AAENIRIMRD
TRCV PIGAVFVGKR VAEGL----I AGGDFNHGET YSGHPVCAAV AHANVAALRD
TRAD PIGAVFVNEK VATTL----A EGGDFNHGET YSGHPVAAAV AHANVKALRD
R R —— R —— R —— R ——
360 370 380 390 400
TR3 LDLKTNAAA- RGTQLFEGVK KLAEKHDIIG DVRGGHGLMT GIEIVSDKAA
TRPD EGLAENVRRL -APRFEAGLK RI-ADRPNIG EYRG-IGFMW ALEAVKDKPT
TRSD ENIIDHVONV AAPALQEALN KL-GEHPLVG GVNV-SGLMA SLPLTPHKES
TR6 EGIVARVRDE TGPYLAQKWA AM-ADHPMVG EASI-VGMMG SIALTPNKST
TR2 EGIIERAGAE IAPYLQARWR EL-GEHPLVG EARG-VGMVA ALELVKSKQP
TRCV EGIVQRVKDD IGPYMQKRWR ETEFSREFEHVD DVRG-VGMVQ AFTLVKNKAK
TRAD EGIVDRVKND TGPYMQKRWR EVFGQFEHVD DVRG-VGLIQ AFTLVKNKAT
B L O e
410 420 430 440 450
TR3 KTPMDNET-- -MKRIHQTAY EAGAMVRLGA HNVLMSPPLT ISEAEVNTIL
TRPD KTPFDANLSV S—-ERIANTCT DLGLICRPLG QSIVLCPPFI LTEAQMDEMEF
TRSD RAKFASDAGT AGYLCREHCFEF ANNLVMRHVG DRMIISPPLI ITPEEIAIFA
TR6 RATFKAEAGT VGYICRERCE ANNLVMRHVG DRMIISPPLT LTRDEIDLLI
TR2 LERFE-EPGK VGSLCRDLSV KNGLVMRAVG GTMIISPPLV LSREQVDELI
TRCV RELFP-DFGE IGTLCRDIFF RNNLIMRACG DHIVSAPPLV MTRAEVDEML
TRAD RELFP-NFGE IGTMCRDIFF KNNLIMRACG DHIVSAPPLV ISKEEIDQML
R
460 470
TR3 TALDAGEFSAA -—-——-———-——- -———-
TRPD EKLEKALDKV FAEVA----- -———-
TRSD DRATRALDAT YADLKDKDLL KAAS
TR6 ERAWKSLDEG MAEVKKQGLW QEG-
TR2 DKARRTLDET HKAIGGA--- —----
TRCV AVAERCLEEF EQTLKARGLA ----
TRAD ETAAKCMVEF EKQLKERGLV ----

Fig. A 32 Multiple sequence alignment of w-TA sequences using ClustalQl [178]. The catalytic
lysine for PLP binding is highlighted in yellow, conserved amino acids of the L-pocket are colored
in blue and amino acids of the S-pocket are colored in green. Figure modified and reproduced from
[190] with permission from Springer Nature.
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