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Development of an efficient and scalable
bioprocess for the plant hormone 12-OPDA:
Overcoming the hurdles of nature’s biosynthesis+t

Tim Lukas Guntelmann, 2 2 Karl-Josef Dietz (' ® and Harald Groger (& *@

Besides its native biological function as a plant hormone, cis-(+)-12-oxo-phytodienoic acid (12-OPDA)
serves as a metabolite for the cellular formation of (—)-jasmonic acid and has also been shown to have an
influence on mammalian cells. In order to make this biologically active, but at the same time very expen-
sive natural product 12-OPDA broadly accessible for further biological and medicinal research, we devel-
oped an efficient bioprocess based on the utilization of a tailor-made whole-cell catalyst by following the
principles of its biosynthesis in nature. After process optimization, the three-step one-pot synthesis of
12-OPDA starting from readily accessible a-linolenic acid could be conducted at appropriate technically
relevant substrate loadings in the range of 5-20 g L™, The desired 12-OPDA was obtained with an excel-
lent conversion efficiency, and by means of the developed, efficient downstream-processing, this emulsi-
fying as well as stereochemically labile biosynthetic metabolite 12-OPDA was then obtained with very
high chemical purity (>99%) and enantio- and diastereomeric excess (>99% ee, 96% de) as well as negli-
gible side-product formation (<1%). With respect to future technical applications, we also demonstrated
the scalability of the production of the whole cell-biocatalyst in a high cell-density fermentation process.

Introduction

Oxylipins are signal molecules in plants that regulate stress
responses. Oxylipins are derived from polyunsaturated fatty
acids via oxygenation." Among them, cis-(+)-12-oxo-phytodie-
noic acid (cis-(+)-4, cis-(+)-12-OPDA) has gained increasing
interest from a range of directions.>”” Recent studies revealed
that the biological role of 12-OPDA (4) includes that it acts as a
plant hormone, but it also has pharmacological activity on
mammalian cells,>™ in addition to being an important biosyn-
thetic key intermediate for (—)jasmonic acid and its deriva-
tives, altogether called “jasmonates”. They are a type of bio-
active oxylipin that plays a role in plant defences against
pathogens, wounding, excess light and many other stresses, as
well as in plant growth.®” Thus, the use of jasmonates in agri-
culture can reduce the amount of current pesticides and
increase the yield of the harvest as well as of specific plant pro-
ducts, such as paclitaxel or camptothecin.®*° In addition, jas-
monate derivatives, such as methyl jasmonate, are important
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in the fragrance industry due to their characteristic odour."
For example, the readily available saturated derivative
Hedione® is used in many perfumes.™

In order to get access to this biologically active metabolite
cis-(+)-12-OPDA (cis-(+)-4), various approaches are possible.
The current extremely high price of up to 299 Euros per mg,"?
however, indicates that both synthetic concepts applied up to
now encounter substantial limitations. To start with classic
organic synthetic natural product chemistry, interestingly
today’s routes are all conceptually based on the formation of
the 5-membered ring and subsequent functionalization.'
Such routes, however, represent a tedious multi-step synthesis
with many intermediate isolations, resulting in a low overall
yield and large waste formation. Thus, such natural product
syntheses of 12-OPDA (4) are less practical for even gram-scale
synthesis as well as for future production on a technical scale.

An alternative concept is to make use of nature’s way to
prepare this plant hormone. The biosynthesis of 12-OPDA (4),
which is shown in Fig. 1, starts in the chloroplasts through the
release of a-linolenic acid (1, a-LA) via phospholipases or acyl-
hydrolases from the chloroplast membrane. In the presence of
a 13-lipoxygenase (13-LOX), a H-O-O-substituent is introduced
at the C-13 of 1. The resulting hydroperoxide (S)-13-hydroper-
oxy-octadecatrienoic acid (2, 13-HPOT) is then converted into
the allene oxide (92,138S,152)-12,13-epoxy-octadecatrienoic acid
(3, 12,13-EOT) by means of the allene oxide synthase (AOS), a
member of the cytochrome P450 (CYP450) oxidoreductase

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Biosynthesis of cis-(+)-12-OPDA (cis-(+)-4) in the chloroplasts of
plants.

superfamily.'* The allene oxide 3 represents a highly labile
intermediate, which has the ability to spontaneously cyclize
into racemic 12-OPDA (rac-4) or undergo fast hydrolysis to
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form a- (5) or y-ketol (6) (Fig. 2). In biosynthesis, an allene
oxide cyclase (AOC) converts 12,13-EOT (3) to the enantiomeri-
cally pure cis-(+)-12-OPDA (cis-(+)-4) while avoiding such side
reactions."’

Although being conceptually highly attractive due to the
opportunity to get access to 12-OPDA (4) within a one-pot syn-
thesis using only three reaction steps and starting from readily
accessible fatty acid 1, attempts to develop a biocatalytic
process based on this biosynthetic approach have faced
various challenges. In 1979 when Vick and Zimmermann first
described this biocatalytic cascade leading to 12-OPDA (4)
in vitro by using extracts from tissues of 24 plant species, the
product 4 observed was analysed without isolation and purifi-
cation.'® In 2020, based on further work on the formation and
isolation of 4,""” the groups of Dietz and Gréger reported the
first practical biocatalytic one-pot cascade to prepare 12-OPDA
(4) starting from o-LA (1) utilizing a commercially available
13-LOX from Glycine max (soybean, Gm-13-LOX) together with
a tailor-made whole-cell catalyst containing recombinant AOS
from Arabidopsis thaliana.'® At substrate loadings of up to 2 g
L™, full conversion was achieved in combination with excel-
lent >99% ee for 4. However, in addition to the still low sub-
strate loading, other remaining limitations were the formation
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Fig. 2 Overview of the biocatalytic synthesis of cis-(+)-12-OPDA (cis-(+)-4) with a commercial Gm-13-LOX and recombinant whole-cell catalyst

containing AtAOS and AtAOC4.
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of side-product 5 in up to 10% yield as well as 10% isomerized
trans-(+)-12-OPDA (trans-(+)-4, Fig. 2) as the opposite diastereo-
mer.'® In addition, the work-up had also not been optimized
and required several steps (see also the section “Optimization
of the work-up”).

In the following, we report a substantially improved biopro-
cess, which we developed as a continuation of this previous
work'® and in which we succeeded in addressing the remain-
ing challenges of both, the process and work-up stage. It
should be added that with this current work we also demon-
strate that even complex and labile biosynthetic metabolites
can be produced in an efficient manner with technically suit-
able substrate loadings and by combining multiple biosyn-
thetic steps towards a one-pot cascade. In addition, the pre-
sented solutions, which we found to overcome such hurdles,
can be considered to have a significant impact beyond the
specific product 12-OPDA (4) as they are likely to be applicable
for related bioprocesses to prepare other complex natural pro-
ducts in a sustainable manner. In this work, we demonstrate a
significant increase of the substrate loading from a maximum
of 2 g L' in recent studies'® to a technically relevant substrate
loading of 10-20 g L™" with excellent conversion and stereo-
selectivity. In addition, we optimized the biosynthetic pathway
by modulation of the whole-cell catalyst and reaction para-
meters. This allowed us to avoid side-reactions such as a-ketol
(5) formation or cis-trans isomerization of the product cis-(+)-4
completely and enabling a sustainable and efficient work-up. A
scalable production of the tailor-made biocatalyst in high cell-
density fermentation is also demonstrated.

Results and discussion
Optimization of the whole-cell catalyst

The design of a highly efficient biocatalyst is crucial for any
biotransformation when aiming at a high process efficiency.
The fatty acid o-linolenic acid (1, a-LA) is the natural substrate
for this cascade. Theoretically, no side-product should be
formed, but due to the instability of the 12,13-EOT (3), a-ketol
(5) is generated. To prevent the formation of side-product 5,
the activity of the allene oxide synthase (AOS) must be signifi-
cantly lower than that of the allene oxide cyclase (AOC). The
most efficient way to obtain this goal is to enhance (AOC) or
decrease (AOS) the expression levels of the enzymes. In our
previous system, we used pET28a and pQE30 vectors. Although
being sufficient for the initial process, for further improve-
ment the use of these plasmids raised robustness concerns
because the pET28a and pQE30 vectors share the same origin
of replication. This makes the realization of the consistent
expression ratios of AOS and AOC challenging and can also
lead to a varying production of side-product 5. Therefore, the
initial focus was on optimizing the whole-cell catalyst (WCC)
by changing the two-plasmid system to a DUET-plasmid
system, which is commercially available and can accommodate
two genes on one vector. This system offers the advantage of a
1:2 expression ratio of the genes due to the absence of a ter-
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minator after the first gene (Fig. S1, see ESIt). In addition, we
substituted AtAOC2 with the more active AtAOC4.'° The result-
ing construct was transformed into the E. coli strain BL21-
CodonPlus(DE3)-RIL, which had already been utilized by us
previously.® The new WCC exhibited a favourable expression
ratio between AOS and AOC (AOC > AOS) under our previous
expression conditions (30 °C, 1 mM IPTG, 20 h)."®* The
outcome of test reactions with this expression conditions was
already strongly enhanced in comparison to our previous
results'® but unfortunately not consistent over different
expression batches (data not shown). Thus, the expression
system was optimized by reducing the IPTG concentration to
0.05 mM. Changing the expression temperature to 25 °C
resulted in an increased expression of AtAOS (Fig. 3). With this
optimization we obtained a robust and reproducible WCC,
which showed consistent results in every expression. To
compare the optimized whole-cell catalyst and expression con-
ditions with the reproduction of our previously reported'®
WCC, we conducted an SDS-PAGE analysis with both catalysts.
The overexpression of the AOC was significantly enhanced by
the optimization steps in this work, whereas the expression of
AOS remains at the same level (Fig. 4).

25°C
r . 1 r . 1 |
0.5 mM 0.1mM 0.05 mM <+«— IPTG —» 05mM 0.1mM  0.05mM

30°C

L CE L CE L CE M M L CE L CE L CE

Fig. 3 SDS-PAGE related to the experiments for optimization of
expression conditions. (L = lysate; CE = crude extract) (AtAOS: 56.1 kDa;
AtAOC4: 23.6 kDa); for details, see ESL.}

Thiswork  Léwe et al.[18]

kDa M L CE L CE

Fig. 4 Comparison of the expression of previous and current WCC (L =
lysate; CE = crude extract) (AtAOS: 56.1 kDa; AtAOC4: 23.6 kDa); for
details, see the ESI.{
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Fig. 5 The impact of mixing and temperature on the 12-OPDA (4)
cascade.

Optimized reaction conditions

The side-product 5 formation was addressed by optimizing the
WCC. The reaction conditions, including cosolvent/additive,
temperature, and mixing, were optimized to improve the reac-
tion time, substrate loading, and prevent product isomeriza-
tion. Initially, the new WCC was tested in the same reaction
system as before'® (NH,Cl buffer (100 mM, pH 9; 5% EtOH
(vv)); 1 g L7" a-LA (1); 30 mg L™" Gm-13-LOX; 3 g L' WCC;
magnetic stirrer; room temperature). In this system, we
observed a poor conversion of a-linolenic acid (1) (77%). The
conversion was completed by reducing the temperature to 0 °C
and doubling the amount of the catalysts used. The side-
product 5 formation was 4%, and we prevented product iso-
merization. By switching to an overhead stirrer, we were able
to achieve the same results at 0 °C, while also benefiting from
improved mixing at room temperature. Notably, the tempera-
ture had the biggest influence on the result of the reaction
(Fig. 5). After determining the optimal reaction settings (over-
head stirrer and 0 °C), we compared the commercial Gm-13-
LOX (Sigma-Aldrich) used by us previously,'® with the one
from TCI, but, no differences were found between these two
enzymes (Table S7, see ESIf). To compare the whole-cell cata-
lysts, we used the DUET-plasmid system with AtAOC2 and
expressed it under optimized conditions. When comparing the
results, a high formation of a-ketol (5) was observed for
AtAOC2 (18%), but the diastereomeric excess was excellent
(>99%) (Table S7, see ESI}). The comparison of the protein
expression levels with SDS-PAGE revealed that the AtAOC2 was
expressed less than AtAOC4, which may result in worse selecti-
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vity for 12-OPDA (4) (Fig. S4, see ESIt). We chose to use Gm-
13-LOX from TCI rather than Sigma-Aldrich, as there was no
discernible difference in their activity. In addition, we opted
for AtAOC4 instead of AtAOC2 for our WCC due to its higher
selectivity in the test reactions. To enhance the substrate
loading, we placed the enzyme on a DUET plasmid system
with AtAOS and transformed it into the E. coli strain BL21
CodonPlus (DE3)-RIL for further studies.

Optimization of the reaction solution

In our previous work,'® we used an aqueous solution with
ethanol (5% (v/v)) as a cosolvent because ethanol had a posi-
tive effect on the activity of the Gm-13-LOX. In this section we
compare this cosolvent with phase transfer catalysts (PTCs) as
additives, and the pure buffer. The PTCs used were short-
chain ionic tetraethylammonium bromide (TEAB) and the
non-ionic Triton® CG-110 and TPGS-750.>° All the reactants
were used at 3% (w/w) of the substrate. The first increase in
substrate concentration was 5 g L™" (Fig. 6), and the loading of
the catalysts was increased analogously. At this stage, all the
reactions were completed after 30 min and no o-linolenic acid
(1) or 13-HPOT (2) remained. Reactions with ethanol and pure
buffer enabled complete conversion to the desired product 4
(>99%). Addition of the PTCs caused formation of a small
amount of side-product (1.5%-3.6%). The TEAB showed the
best results among the PTCs that could not be enhanced by
the addition of ethanol (2% (v/v)) (1.5%, a-ketol (5)). The dia-
stereomeric excess of all the reactions was excellent (>99%).

Gm-13-LOX; WCC
NH4CI buffer (100 mM, pH9) o

— — additive —
|
COOCH 0°C, 30 min COOH
-]

Sol.1 cis-(+)-4
[] LA [] 13-HPOT [[] 12-0PDA [ ] a-Ketol [] de
004 =9 mE e —
80 -
60 -
X
40 -
20 -
0 T T T =l T L T T =
Q°(€ ?}OY\ ,\Q,P“% (4(;'\'\9 65‘,‘(,,6 . ?}OY\
,“'\'&0(\ ® (‘(P‘%

Fig. 6 Additive screening at a concentration of 5 g L™ a-linolenic acid
(1).
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The results revealed that the PTCs had a small negative effect
on the selectivity of the WCC and reduced the activity of the
AtAOC4 or accelerated the hydrolysis of the unstable inter-
mediate 12,13-EOT (3). However, we further increased the sub-
strate loading to 10 ¢ L' and the amount of catalyst accord-
ingly (Fig. 7). The results confirmed the negative impact of the
PTCs on this reaction, but not only on the selectivity of this
reaction. The reaction kinetics showed that the long-chain
PTCs had a negative influence on the initial rate of the reac-
tion. Because only small amounts of a-ketol (5) were formed
and no 13-HPOT (2) accumulated, the negative effect might be
related to the Gm-13-LOX. The Gm-13-LOX is a membrane-

Gm-13-LOX; WCC
NH4CI buffer (100 mM, pH9) o

| — — additive i
COOH 0°C,3-5h COOH
]

10g/L,1 cis-(+)-4
[ ] ata[] 13-HPOT [] 12-0PDA [ | a-Ketol [] de
1004 — = - — — _
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Fig. 7 Additive screening at a concentration of 10 g L™ a-linolenic acid (1).
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associated protein in its natural environment and is also feed-
back inhibited by 12-OPDA (4).*"** It is therefore unlikely to
be very stable in aqueous solution and these long-chain PTCs
may denature or inactivate it. The small-chain PTC TEAB
showed the least effect on Gm-13-LOX. The initial activity was
equal to that of the pure buffer and the percentage of 12-OPDA
(4) was very high (95%). The addition of ethanol (2% (v/v))
resulted in a higher initial reaction rate, like the reaction with
ethanol (5% (v/v)), but without increasing the yield of 12-OPDA
(4) (96%). This increased reaction rate of Gm-13-LOX with
ethanol has already been described by us previously.'® The
best result was observed by using only ethanol as cosolvent.
The reaction was completed after 3 h with a selectivity for
12-OPDA (4) of >99%. The diastereomeric ratio was excellent
for all the reactions (>99%). The enhanced reaction time in
comparison to the 5 g L™" scale can be explained by the feed-
back inhibition of Gm-13-LOX by 12-OPDA (4).>*> Nevertheless,
we decided to increase the substrate loading to 20 g L™ to
improve our already good results. Based on our recent results,
we used only ethanol (5% (v/v)) as co-solvent. In this reaction
we never observed a complete conversion of the a-LA (1). After
23 h the conversion was 68% and the initial reaction rate was
also lower than that at 10 g L™ (Fig. 8).

However, we assumed that the high substrate loading is not
a problem for the WCC because no 13-HPOT (2) was observed
in any sample at both 10 and 20 g L™, but the Gm-13-LOX is
affected by 12-OPDA (4) because of feedback inhibition.*?
Furthermore, high concentrations of a-LA (1) have a negative
influence on the Gm-13-LOX, which is shown by the decreased
conversion rate at the beginning of the reaction (Fig. 8).

Gm-13-LOX; WCC
NH4CI buffer (100 mM, pH 9)

o)
e EtOH (5% (v/v)) .
|
COOH 0°C COOH
5

cis-(+)-4
704—- S LS L L L L S L L D T T T T R T T T
60
E50- I —— —
E p—
<
P T P e P pp—
o
Q
N
A —=—10g/L
- - -10g/L (100%)
‘ *—20g/L
\— - -20g/L (100%)
(I) 5'3 1|0 1|5 2'0

time [h]

Fig. 8 Comparison of 12-OPDA (4) syntheses at 10 and 20 g L™%.
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However, the impact of the substrate 1 is lower than the
impact of product 4.

To conclude this chapter, our previously reported'® solvent
system buffer-ethanol was confirmed to be the most suitable
one for this multi-enzymatic cascade. Further improvements
have been made in terms of mixing and the reaction tempera-
ture, as well as optimization of the whole-cell catalyst, which
enabled excellent results in terms of selectivity (>99%,
12-OPDA (4); >99% de) of the reaction at high substrate
loading (10 g L™").

Optimization of the work-up

After optimizing the reaction conditions, we aimed to address
the remaining challenges existing for the work-up process.
This task involved overcoming various “hurdles” such as, for
example, accumulation of 12-OPDA (4) in the cell membrane
and lability of 4 against isomerization under formation of the
opposite trans-diastereomer of 4 with 10% after isolation in
our previous work."® In addition, methylene chloride being an
unfavourable solvent from a sustainability perspective was pre-
viously used, and multiple extraction cycles required a high
volume of solvent, and, thus, a considerable amount of waste
was generated. Furthermore, the extraction cycles and sub-
sequent work-up steps such as treatment of cells with ultra-
sound resulted in a unfavourably high number of unit oper-
ation steps during the work-up.

Thus, in this study we have modified the work-up procedure
to a simpler and more sustainable process even if utilizing a
higher product loading because the biotransformation was
done at a 5 g L™ substrate loading. Instead of separating the
cells from the reaction mixture after the reaction, we added
saturated NaCl solution and acidified the whole suspension to
pH 1, which disrupted the cells and facilitated the extraction
of the product. The mixture was then extracted only once with
ethyl acetate as a “green” solvent (1:1 (v/v)). This yielded a
yellow-brown oil, which contained ~55% of the possible
12-OPDA (4) as a crude product, which was, however, substan-
tially contaminated with impurities from the cells (Fig. 9A; for
further details, see the ESI}). The brown colour could be
removed by filtration over charcoal, but the purity was not

Fig. 9 Different stages of purification of 12-OPDA crude product. (A)
After extraction with EtOAc; (B) after extraction with EtOAc and filtration
over charcoal; (C) after column chromatography.
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increased, and a yellow colouring was still observed (Fig. 9B).
However, by means of reversed phase automated column
chromatography we were able to obtain a completely purified
(>99%) and colourless product (Fig. 9C) with a recovery rate of
64% in this step, thus corresponding to an overall yield of this
highly emulsifying product 4 of ~35%. Because the product
was obtained from reverse chromatography with an aqueous
eluent, proved to still contain a substantial portion of volatile
aqueous components, removal of the water was needed.
Although freeze drying represents a general standard method,
in our case, due to a long drying procedure, the problem of
undesired isomerization exists. This expected limitation of
freeze drying was confirmed by observation of strong isomeri-
zation overnight (70% de). In order to avoid this undesired iso-
merization effect, a rotary evaporator and high vacuum was
used, which resulted in a dried, colourless product of 12-OPDA
(4) with excellent properties, such as a chemical purity of
>99% as well as enantio- and diastereomeric excess of >99% ee
and 96% de, respectively. Thus, we succeeded in also develop-
ing the desired optimized work-up process, which was suitable
for higher product loadings (>5 g L™).

Production of the biocatalyst for 12-OPDA at a 2 L-scale

So far, preparation of the biocatalyst and the bioprocess for 4
was done at the laboratory scale only. Because we anticipate an
increased demand for cis-(+)-12-OPDA (cis-(+)-4) due to more
applications for this intriguing compound, we were already
interested in making the production process for the cost-criti-
cal whole-cell biocatalyst more efficient, and to demonstrate
the scalability of such a technical fermentation process.
Initially, we increased the volumetric productivity of the whole-
cell catalyst by using a high-cell density fed-batch fermentation
from 0.6 ¢ L' h (15 g L™'; shake flask) to 2.5 ¢ L™" h (100 g
L™, fermenter) (Fig. 10). To achieve this, we increased the
IPTG concentration to 1 mM due to the higher cell density
during the process. We observed that a lower IPTG concen-

M L CE

Fig. 10 Overexpression of the fermented whole-cell catalyst. (L =
lysate; CE = crude extract) (AtAOS: 56.1 kDa; AtAOC4: 23.6 kDa); for
further details, see the ESL.{
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Fig. 11 Chemical and diastereomeric selectivity of the whole-cell cata-
lyst produced in a shake flask or a fermenter (de = diastereomeric
excess in %).

tration (0.15 mM) resulted in a poorer overexpression of the
AtAOS and AtAOC4 (data not shown). However, with the altered
conditions, the SDS-PAGE showed an excellent overexpression
of the AtAOC4 and a moderate expression of the AtAOS
(Fig. 10). The activity and selectivity of the WCC obtained from
the fermenter were just as good as those of the WCC from the
shake flask (Fig. 11).

Conclusion

This work describes the successful optimization of the biocata-
lytic synthesis of cis-(+)-12-OPDA (cis-(+)-4) in terms of the
chemical and diastereomeric selectivity of the whole-cell cata-
lyst and the increase of the substrate loading. We achieved this
by changing the whole-cell construction to a DUET-plasmid
system, by reducing the reaction temperature, and by changing
the stirrer. As a result, we were able to enhance the product
formation-related conversion and achieve an excellent diaster-
eomeric excess (>99% each) at a multigram scale (10 g L™"). In
addition, it was discovered that the most effective solvent
mixture for this reaction cascade is the previously published
NH,CI buffer (100 mM, pH 9) with 5% (v/v) ethanol. The use of
phase-transfer catalysts resulted in a decrease in the Gm-13-
LOX activity and a-ketol (5) formation. Increasing the substrate
loading to 20 g L' resulted in a product formation-related
conversion of 68%. With every increase of the substrate
loading, the reaction time increased. The reasons for this are

5412 | Org. Biomol. Chem., 2024, 22, 5406-5413
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based on the Gm-13-LOX activity and can be explained by the
feedback inhibition by 12-OPDA (4)** and the substrate inhi-
bition at high concentrations. Therefore, to optimize the
process further, it will be beneficial to improve the activity of
the Gm-13-LOX at high substrate 1 and product 4 concen-
trations by mutagenesis or by screening for another 13-LOX
with the necessary properties. Furthermore, the foundations
for the successful technical production of cis-(+)-12-OPDA
(cis-(+)-4) in the future were successfully laid in the fed-batch
fermentation of the optimized whole-cell catalyst (WCC)
without any loss of chemical or diastereomeric selectivity. In
future work, optimization of the column chromatography to
enhance the recovery of 12-OPDA (4) and a gentler procedure
for drying the product 4 to further avoid isomerization as well
as a further increase of the substrate loading are among the
major tasks.

Until now, the research and industrial applications of cis-
(+)-12-OPDA (cis-(+)-4) were limited by the current high price of
this molecule. This work will increase the availability of this
attractive chemical cis-(+)-4 and allow a broader use of it in
basic research but also in specific fields, e.g., agriculture,®™°
pharmaceuticals,”* and fragrances.' Furthermore, this work
might serve as the initial step towards a biocatalytic technical
scale production of (—)-jasmonic acid and its derivatives, such
as methyl jasmonate, starting from a renewable feedstock.
Until now, this important compound is extracted from plants®
or produced by chemical synthesis.'"

Experimental section
Materials

The substrate o-linolenic acid (1, 99% purity, ThermoFisher)
was used as the raw material for the enzymic cascade, the
13-lipoxygenase from Glycine max (13-LOX; TCI, L0059; lyophi-
lized powder; min. 100 000 U mg™") and all the solvents as well
as the chemicals for the buffers used in this study were pur-
chased commercially and used as received.

Enzyme sequence data, biocatalyst preparation and
characterization

The genes were obtained from Twist Bioscience, (San Francisco,
CA, USA). All the sequences, plasmid maps as well as the
microbial procedures for the preparation and characterization
of the E. coli whole-cell catalysts are given in the ESL.{

Optimized procedure for expression of the whole-cell catalyst

Terrific broth (TB) medium (1 L) in a 5 L Erlenmeyer flask with
kanamycin (50 pg mL™") and chloramphenicol (34 pg mL™)
was inoculated with an overnight preculture of E. coli BL21-
CodonPlus(DE3)-RIL_pET28a-AtAOS-AtAOC4. Cultures were
incubated at 37 °C and 180 rpm. With an ODgq, of 0.6-0.7, the
addition of IPTG to a final concentration of 0.05 mM starts the
expression (20 h, 30 °C, 180 rpm). The cells were harvested by
centrifugation (4 °C, 4000g, 30 min) and stored at —20 °C.

This journal is © The Royal Society of Chemistry 2024
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Optimized procedure for the one-pot synthesis of cis-(+)-12-OPDA
(0gL™

Ammonia chloride buffer (100 x 107> M, pH 9, 40 mL) with
was mixed using a KPG stirrer (500 rpm) while cooling to 0 °C.
Afterwards, the commercially available Gm-13-LOX (TCI,
L0059, 15 mg) was dissolved in the cold buffer and added to
the reaction mixture. The WCC1 (E. coli BL21-CodonPlus(DE3)-
RIL_pET28a-AtAOS-AtAOC4, 3 g) was resuspended in ammonia
chloride buffer (100 x 10~ M, pH 9, 10 mL) and added to the
flask as well. Ethanol (1.5 mL) was added and o-linolenic acid
(1, 500 mg, 1.8 mmol) was dissolved in ethanol (1 mL) and
added last. The three-necked flask was closed with septa, and
oxygen was supplied to the flask’s atmosphere (no bubbling)
with a balloon (needle size: inlet = 0.9 x 50 mm; outlet = 0.5 x
40 mm). Control of the reaction was done by 'H-NMR. After
full conversion, the reaction mixture was moved to a separating
funnel and saturated NaCl solution (25 mL) was added. The
mixture was acidified with HCI (2 M, 4 mL). This solution was
extracted once with EtOAc (50 mL). The aqueous layer was sep-
arated, and the mixed layer was centrifuged (10 000g, 10 min)
for separation. The organic layer was taken off and MgSO, was
added to remove residual water. The solvent was removed by a
rotary evaporator. The yellow-brown oil was further purified
using automated reversed-phase column chromatography
(MeCN, H,0, AcOH (0.1%)).
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