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Abstract

Protectins, 10,17-dihydroxydocosahexaenoic acids (10,17-DiHDHAs), are belonged to specialized pro-resolving medi-
ators (SPMs). Protectins are generated by polymorphonuclear leukocytes in humans and resolve inflammation and
infection in trace amounts. However, the quantitative production of protectin DX 10-epimer (10-epi-PDX, 10R,17S-
47,1Z,11E,13Z,15E,19Z-DiHDHA) has been not attempted to date. In this study, 10-epi-PDX was quantitatively produced
from docosahexaenoic acid (DHA) by serial whole-cell biotransformation of Escherichia coli expressing arachidonate
(ARA) 8R-lipoxygenase (8R-LOX) from the coral Plexaura homomalla and E. coli expressing ARA 155-LOX from
the bacterium Archangium violaceum. The optimal bioconversion conditions to produce 10R-hydroxydocosahexaenoic
acid (10R-HDHA) and 10-epi-PDX were pH 8.0, 30 °C, 2.0 mM DHA, and 4.0 g/L cells; and pH 8.5, 20 °C, 1.4 mM
10R-HDHA, and 1.0 g/L cells, respectively. Under these optimized conditions, 2.0 mM (657 mg/L) DHA was converted
into 1.2 mM (433 mg/L) 10-epi-PDX via 1.4 mM (482 mg/L) 10R-HDHA by the serial whole-cell biotransformation
within 90 min, with a molar conversion of 60% and volumetric productivity of 0.8 mM/h (288 mg/L/h). To the best of
our knowledge, this is the first quantitative production of 10-epi-PDX. Our results contribute to the efficient biocatalytic
synthesis of SPMs.

Key points

Protectin DX 10-epimer was produced from docosahexaenoic acid by 8R- and 15S-lipoxygenases.
The reaction conditions for the production of protectin DX 10-epimer were optimized.

This is an efficient, cost-effective, and eco-friendly production of protectin DX 10-epimer.

Keywords Arachidonate 8R-lipoxygenase - Arachidonate 15S-lipoxygenase - 10R,17S-dihydroxydocosahexaenoic acid -
Protectin DX 10-epimer - Specialized pro-resolving mediator
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Introduction

Specialized pro-resolving mediators (SPMs) are C20 and
C22 dihydroxy and trihydroxy fatty acids and are generated
in trace amounts from polyunsaturated fatty acids (PUFAs),
including arachidonic acid (ARA), eicosapentaenoic acid
(EPA), docosapentaenoic acid (DPA), and docosahexae-
noic acid (DHA), by the transcellular reactions of M2
macrophages or polymorphonuclear leukocytes (PMNs)
in humans via the combined biosynthesis of regioselective
lipoxygenases (LOXs), cyclooxygenase, and cytochrome
P450 (An et al. 2021). SPMs have attracted great atten-
tion as leading compounds in treatment of inflammation
and infection in trace amounts (Morita et al. 2013; Serhan
et al. 2015a; Weylandt 2016). Among the SPMs, lipoxins
have anti-obesity activity (Borgeson et al. 2015), resolvins
(Rvs) have sepsis control (Spite et al. 2009) and tissue pro-
tection activities (Gobbetti et al. 2017), maresins (MaRs)
have tissue regeneration activity (Serhan et al. 2009), and
protectins have anti-apoptotic (Antony et al. 2010), neuro-
protective (Asatryan and Bazan 2017), anti-oxidant (Hwang
et al. 2019), and anti-viral activities (Lagarde et al. 2020;
Morita et al. 2013).

The synthesis of SPMs by mammalian cell culture is
not viable because they are produced in small amounts
(10—500 ng/L) (Werz et al. 2018). Furthermore, purified
mammalian LOXs produce SPMs at very low concentra-
tions (<40 uM) (Perry et al. 2020). Thus, SPMs have so far
been synthesized by chemical methods. However, the meth-
ods are expensive and environmentally unfriendly because
of the many (20 —30) step reactions, low yields (<30%),
and pollution from heavy metals, such as Pd(PPh;), and
CrCl,, and harmful materials, such as benzene and tetrahy-
drofuran (Dayaker et al. 2014; Rodriguez and Spur 2005;
Sanceau et al. 2019; Tungen et al. 2015).

To overcome these problems, bacterial double-oxygen-
ating LOXs have been recently suggested as efficient SPM
and SPM isomer producers. For instance, bacterial double-
oxygenating ARA 9S-, 125-, and 155-LOXs convert PUFAs
into 170—-2120 mg/L of SPM and SPM isomers, includ-
ing 118,17S-dihydroxydocosahexaenoic acid (11S,17S-
DiHDHA) and 118,17S-dihydroxydocosapentaenoic acid
(118,17S-DiHDPA) as protectin DX 11-isomer (11S,17S-
DiHDHA) and PDX,,_; 11-isomer (115,17S-DiHDPA) (Oh
et al. 2022), 75,14S-DiHDHA and 7S,14S-DiHDPA as the
10-cis-12-trans-7S-epimers of maresin 1 (MaR1) (7R,14S-
DiHDHA) and MaR1,_; (7R,14S-DiHDPA) (Kim et al.
2021), and resolvin E4 (RvE4, 5S,15S-dihydroxyeicosa-
pentaenoic acid, 5S,15S-DiHEPA), resolvin D5 (RvDS3,
78,17S-DiHDHA), and RvD5,, _; (75,17S-DiHDPA) (Lee et
al. 2020), respectively. In contrast, the SPM PDX is synthe-
sized by the combined reactions of 85- and 15S-LOXs (Shin
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et al. 2022) because mouse double-oxygenating 8S-LOX,
the only reported 8S-LOX, shows 310—680-fold lower
activity in the second oxygenation than the bacterial double-
oxygenating LOXs (Kim et al. 2021; Lee et al. 2020; Oh et
al. 2022). Protectin DX 10-epimer (10-epi-PDX, 10R,17S-
DiHDHA) can only be produced by the combined reactions
of single-oxygenating 8R- and 15S-LOXs because there
are no double-oxygenating LOXs that perform both R- and
S-form oxygenation.

Protectin D1 (PD1, 10R,17S-4Z,7Z,11E,13E,15Z,19Z-
DiHDHA), protectin D1 10-epimer (10-epi PD1, 10S,175-
42,7Z,11E,13E,152,19Z-DiHDHA), PDX (10S,175-4Z,7Z,
11E,13Z,15E,19Z-DiHDHA), and 10-epi-PDX (10R,17S-
47,7Z,11E,13Z,15E,19Z-DiHDHA) are 10,17-DiHDHAs
with different stereoselectivity and E-Z isomerism (Fig. 1).
In addition, 10,17-DiHDHAs have several isomers for
protectin D1, including 10-epi-S-15-A-trans of PD1 and
15-A-trans of PD1 and PD2 (Stenvik Haatveit and Hansen
2023). Among protectins, 10-epi-PDX was found as pro-
tectin isomer IV, and it exhibits an anti-inflammatory effect
equivalent to that of PDX (Serhan et al. 2006). This protec-
tin is generated in trace amounts by PMNs in humans (Ser-
han et al. 2006) and it is also detected in the conversion of
10-hydroxydocosahexaenoic acid (10-HDHA) by soybean
155-LOX (Chen et al. 2009). However, the quantitative pro-
duction of 10-epi-PDX has not been attempted to date. To
provide enough amounts of the pure substance for research
purposes, the study on the quantitative production of 10-epi-
PDX is needed.

In this study, a serial whole-cell biotransformation was
developed to quantitatively produce 10-epi-PDX from DHA
via 10R-HDHA. In the biotransformation, Escherichia coli
expressing 8R-LOX from the coral Plexaura homomalla
first converted DHA into 10R-HDHA, which was then con-
verted into 10-epi-PDX by E. coli expressing 15S-LOX
from the bacterium Archangium violaceum.

Materials and methods
Materials

DHA standard was purchased from Sigma-Aldrich (St.
Louis, MO, USA). 10S-HDHA, 10(+)-HDHA, 17S-HDHA,
PDX, and RvD5 standards were purchased from Cay-
man Chemical (Ann Arbor, MI, USA). 16,17-Hepoxilin
B;s (15R-hydroxy-16S,17S-epoxy-docosahexaenoic acid)
was prepared as previously reported (Lee et al. 2019).
10R-HDHA and 10-epi-PDX, obtained from the conversion
of DHA and 10R-HDHA by P. homomalla 8R-LOX and A.
violaceum 15S5-LOX, respectively, were purified using a
preparative HPLC system as described previously (Kim et
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Fig. 1 Chemical structures of
10,17-DiHDHA s (protectins)
with different stereoselectiv-

ity and E-Z isomerism. A
Chemical structure of PD1
(10R,178-12E,13E,15Z-triene).
B Chemical structure of 10-epi
PD1 (108,17S-12E,13E,15Z-
triene). C Chemical structure of
PDX (108,17S-12E,13Z,15E- B
triene). D Chemical structure

of 10-epi-PDX (10R,17S-
12E,13Z,15E-triene). 10R,17S- HO
47,7Z,11E,13Z,15E,19Z-DiH-

DHA was named as 10-epi-PDX

A

o)

C
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al. 2021; Lee et al. 2020; Oh et al. 2022; Shin et al. 2022).
The purified 10R-HDHA was used as both a standard and
substrate to produce 10-epi-PDX, and the purified 10-epi-
PDX was used as a standard.

Microorganisms, plasmid, and gene cloning

E. coli C2566 and pET-28a(+) plasmid were used as the host
cells and expression vector, respectively. The gene encod-
ing allene oxide synthase domain-removed 8R-LOX from
P homomalla (GenBank accession number, AF003692)
(Boutaud and Brash 1999; Brash et al. 1996) was syn-
thesized by Bioneer (Daejeon, Republic of Korea). The
gene cloning of 155-LOXs (GenBank accession numbers,
WP _043395727 and YP_442874) from A. violaceum and
Burkholderia thailandensis was performed as previously
described (An et al. 2015; Lee et al. 2020). Fusarium oxys-
porum KACC 40,043 (Korean Agricultural Culture Collec-
tion, Jeonju, Republic of Korea) and Nocardia seiolae DSM
44,129 (Leibniz Institute DSMZ, Berlin, Germany) were
used as the sources of genomic DNA. The genes encoding
158-LOXs (GenBank accession numbers, JH717840 and
CP017839) from F oxysporum and N. seiolae were cloned
using the one-step assembly method. Each 15S-LOX gene

was ligated into the plasmid pET-28a(+). The ligated plas-
mid was transformed into £. coli C2566.

Culture conditions

A colony of E. coli C2566 expressing 8R-LOX or 155-LOX
was inoculated into 5 mL of Luria— Bertani (LB) medium
and cultivated at 37 °C with shaking at 200 rpm overnight.
This seed was transferred into a 2 L-Erlenmeyer flask con-
taining 500 mL of LB medium supplemented with 20 mg/mL
kanamycin and cultivated at 37 °C with shaking at 200 rpm.
As the optical density of culture suspension at 600 nm was
0.8, the enzyme expression induction was started by adding
0.1 mM isopropyl-p-D-thiogalactopyranoside. The culture
was further grown for 16 h at 16 °C with shaking at 150 rpm.

Determination of specific activity

The specific activities of E. coli cells expressing 8R-LOX
from P. homomalla and 155-LOXs from (4) violaceum, (B)
thailandensis, F. oxysporum, and N. seiolae towards DHA
or HDHA were determined after the reactions were per-
formed in 50 mM HEPES (pH 8.0) containing 2.0 g/L cells,
0.5 mM DHA as a substrate, 200 mM cysteine as a reducing
agent, and 5% (v/v) ethanol at 30 °C for 5 min, and in 50
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mM CHES buffers (pH 8.5) containing 0.5 g/L cells, 0.5
mM HDHA as a substrate, 200 mM cysteine, and 5% (v/v)
ethanol at 20 °C for 5 min. Ethanol at 5% (v/v) was added to
the reaction solution to improve compound solubility. The
specific activity of the cells was defined as the increase in
the amount of product (HDHA or DIHDHA) per unit of dry
cell weight (DCW) per unit of reaction time. The cell mass
was determined by using a calibration curve relating optical
density at 600 nm and DCW, which was determined after
the culture broth was centrifuged at 6,000 X g, washed with
distilled water and dried at 121 °C overnight to a constant
weight.

Effects of temperature and pH

The effects of temperature on the conversion of DHA into
10R-HDHA and that of 10R-HDHA into 10-epi-PDX by E.
coli expressing P. homomalla 8R-LOX and E. coli express-
ing A. violaceum 155-LOX were investigated at the constant
pH values of 8.0 and 8.5 by varying the temperature from
20 to 40 °C in 50 mM HEPES buffer (pH 8.0) and varying
that from 15 to 35 °C in 50 mM CHES buffer (pH 8.5),
respectively. The effects of pH on the conversion of DHA
into 10R-HDHA and that of 10R-HDHA into 10-epi-PDX
were evaluated at the constant temperatures of 30 and 20 °C
by varying the pH in the range of 7.0 to 9.0 using 50 mM
HEPES (pH 7.0—8.0), HEPPS (pH 8.0—38.5), and CHES
(pH 8.5—9.0) buffers and varying that of 7.5 to 9.5 using 50
mM HEPPS (pH 7.5-8.5) and CHES (pH 8.5-9.5) buf-
fers, respectively. The reactions to produce 10R-HDHA and
10-epi-PDX from DHA and 10R-HDHA were performed
with 0.5 mM of DHA and 10R-HDHA, 2.0 and 0.5 g/L
cells, 200 mM cysteine, and 5% (v/v) ethanol for 5 min,
respectively.

Effects of substrate and cell concentrations

To determine the optimal substrate concentration for
maximal production of 10R-HDHA, the reactions were
performed at 30 °C in 50 mM HEPES (pH 8.0) contain-
ing 2.0 g/L cells, 200 mM cysteine, and 5% (v/v) ethanol
by varying the concentration of DHA from 0.2 to 6.0 mM
for 40 min. The optimal cell concentrations for the maxi-
mal production of 10R-HDHA and 10-epi-PDX were deter-
mined at 30 °C using 50 mM HEPES (pH 8.0) and 20 °C
using 50 mM CHES (pH 8.5) by varying the cell concentra-
tion from 0.25 to 8 g/L with 2.0 mM DHA and varying that
from 0.2 to 1.2 g/L with 1.4 mM 10R-HDHA, respectively.
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Biotransformation of DHA into 10-epi-PDX via
10R-HDHA

The conversion of DHA into 10R-HDHA and that of
10R-HDHA into 10-epi-PDX by E. coli expressing P.
homomalla 8R-LOX and E. coli expressing A. violaceum
155-LOX were performed at 30 and 20 °C in 50 mM
HEPES (pH 8.0) and 50 mM CHES (pH 8.5) containing 4.0
and 1.0 g/L cells, 2.0 mM DHA and 1.4 mM 10R-HDHA,
200 mM cysteine, and 5% (v/v) ethanol in a 500 mL-baffled
flask containing 100 mL reaction volume for 70 and 50 min,
respectively. HEPPS buffer in the serial whole-cell reactions
was used without buffer change because the conversion of
10R-HDHA into 10-epi-PDX using 50 mM CHES (pH
8.5) was almost the same as that using 50 mM HEPPS (pH
8.5). In the reactions, E. coli expressing 8R-LOX from P,
homomalla converted DHA into 10R-HDHA using HEPPS
buffer (pH 8.0) as described above. After 40 min, the reac-
tion suspension was centrifuged at 3,000 X g for 30 min at
4 °C and cells were then removed using a 0.45 um nitrocel-
lulose filter membrane (Advantec, Tokyo, Japan). The pH
of the filtrate containing 1.4 mM 10R-HDHA and 0.6 mM
DHA was adjusted to 8.5. The conversion of 10R-HDHA
into 10-epi-PDX was performed by adding 1.0 g/L of E. coli
expressing A. violaceum 15S-LOX to the filtrate and incu-
bating it for additional 50 min under the same conditions
as the biotransformation of 10R-HDHA into 10-epi-PDX
as described above. A control reaction was carried out with
untransformed E. coli bacterial cells The reaction conditions
were the same as those of the experiments with transformed
E. coli.

HPLC analysis

After the reactions, the solutions were extracted with a dou-
ble volume of ethyl acetate, which was then removed from
the extract and dried using a rotary evaporator, and an equal
volume of methanol was added to the dried residue. The con-
centrations of DHA, 10R-HDHA, 17S-HDHA, 16,17-hep-
oxilin By, RvD5, and 10-epi-PDX were determined using an
HPLC system (Agilent 1260, Santa Clara, CA, USA) with a
UV detector at a wavelength of 202 nm and a reversed-phase
Nucleosil C18 column (3.2% 150 nm, 5 um particle size;
Phenomenex, Torrance, CA, USA). The reversed-phase col-
umn was eluted at 30 °C for 30 min at a flow rate of 0.25
mL/min with a gradient of solvent A (acetonitrile/water/
acetic acid, 50:50:0.1, v/v/v) for 5 min, solvent A to solvent
B (acetonitrile/acetic acid, 100:0.1, v/v) for 5-21 min; sol-
vent B for 21-27 min; solvent B to solvent A for 27-32 min;
and solvent A for 32-35 min. The chirality of 10-HDHA
was analyzed using a chiral-phase Lux Amylose-1 column
(6X250 mm, 5 um particle size; Phenomenex) at 234 nm.
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The chiral-phase column was eluted at 25 °C with solvent
mixtures of n-hexane, isopropyl alcohol, and acetic acid
(92:8:0.1, v/v/v) at a flow rate of 1.0 mL/min for 35 min.
PDX and 10-epi-PDX were also analyzed at 270 nm using
a normal-phase Zorbax Rx-sil column (2.1 X150 mm, 5 pm
particle size; Agilent, Santa Clara, CA, USA) for the peak
separation of the epimers. The normal-phase columns were
eluted at 25 °C with solvent mixtures of n-hexane, diethyl
ether, and acetic acid (70:30:0.25, v/v/v) at a flow rate of 0.2
mL/min for 35 min.

LC-MS/MS analysis

LC-MS/MS analysis of 10R-HDHA and 10-epi-PDX was
performed using a Thermo-Finnigan LCQ Deca XP plus ion
trap MS (Thermo Fisher Scientific, Waltham, MA, USA)
at the National Instrumentation Center for Environmental
Management of Seoul National University (Seoul, Repub-
lic of Korea). Sample ionization was carried out by electro-
spray ionization in the negative mode at 275 °C capillary
temperature, 5 kV ion source voltage, 207 kPa nebulizer
gas, 15 V capillary voltage in negative ionization mode,
46 V capillary voltage in positive mode, 0.6 s average scan
time, 1.2 s average time to change polarity, and 35% abun-
dance of precursor ions at collision energy.

Table 1 Specific activities of E. coli expressing 8R- and E. coli
expressing 15S-LOX towards DHA or HDHA

Substrate Product E. coli express-  Specific activity
ing LOX (mmol/min/
mg-cells)
DHA 10R-HDHA P, homomalla 20+0.2
8R-LOX
17S-HDHA A. violaceum 510+2.1
158-LOX
17S-HDHA B. thailandensis 243 +1.7
15S-LOX
17S-HDHA F oxysporum 168 +1.4
15S-LOX
17S-HDHA N. seriolae 209+1.1
158-LOX
17S-HDHA P. homomalla ND?*
8R-LOX
10R-HDHA 10-epi-PDX 4. violaceum 280+1.3
158-LOX
10-epi-PDX  B. thailandensis  132+0.9
155-LOX
10-epi-PDX  F. oxysporum 58+0.2
158-LOX
10-epi-PDX M. seriolae 106+0.5
155-LOX

ND: Not detected

NMR analysis

The chemical structure of 10-epi-PDX was confirmed
by recording 1D ('H, *C, and 'H homo decoupling) and
2D (correlation spectroscopy, rotating frame overhauser
enhancement spectroscopy, heteronuclear single quantum
coherence, and heteronuclear multiple bond coherence)
NMR spectra using an 850 MHz Bruker Avance III HD
(Karlsruhe, Germany) equipped with a triple-resonance
inverse cryoprobe at the National Center for Inter-Univer-
sity Research Facilities of Seoul National University (Seoul,
Republic of Korea). Deuterated methanol was used as both
a solvent and an internal standard. All chemical shifts are
shown in & (ppm).

Results

Biosynthetic pathway from DHA to 10-epi-PDX via
10R-HDHA by serial reactions of 85- and 155-LOXs

10-Epi-PDX  (10R,17S8-12E,13Z,15E-triene) can  be
produced from DHA via two intermediates 10R- and
17S-HDHAs by combined reactions of ARA 8R- and
158-LOXs. P. homomalla 8R-LOX was selected and used
to produce 10-epi-PDX from DHA via 17S-HDHA and
10R-HDHA with 15S-LOX because the enzyme is the only
reported 8R-LOX. P. homomalla 8R-LOX was confirmed
to be a soluble protein and was transformed into E. coli.
E. coli expressing P. homomalla 8R-LOX showed activity
for DHA but not for 17S-HDHA (Table 1), indicating that
P. homomalla 8R-LOX using DHA was only available for
10R-HDHA production. Thus, the enzyme was first used to
convert DHA into 10R-hydroperoxy-DHA, which was then
reduced to 10R-HDHA in the presence of a reducing agent
such as cysteine (Fig. 2). As the control reaction, untrans-
formed E. coli did not convert DHA and 17S-HDHA under
the same reaction conditions. The formed 10R-HDHA was
sequentially converted into 10-epi-PDX (10R,17S-DiH-
DHA) via 10R-hydroxy-17S-hydroperoxy-DHA by A. vio-
laceum 15S-LOX in the presence of the reducing agent.

Selection of 155-LOX for the efficient
biotransformation of 10R-HDHA into 10-epi-PDX

The putative LOXs from F. oxysporum and N. seiolae were
identified as ARA 15S5-LOX by characterizing their ARA-
derived reaction product as 15S-hydroxyeicosatetraenoic
acid (data not shown). The specific activities of E. coli
expressing 15S-LOXs from (4) violaceum, (B) thailand-
ensis, F. oxysporum, and N. seiolae towards 10R-HDHA
were compared for their efficiency in the biotransformation

@ Springer
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Fig. 2 Biosynthetic pathway from DHA to 10R,17S-DiHDHA (10-epi-
PDX) via 10R-HDHA in the presence of cysteine as a reducing agent
by the serial reactions of P. homomalla 8R-LOX and A. violaceum
15S-LOX. The biosynthetic pathway from DHA to 10-epi-PDX via

of 10R-HDHA into 10-epi-PDX. The specific activi-
ties followed the order E. coli expressing A. violaceum
155-LOX > B. thailandensis 155-LOX>N. seiolae 15S-
LOX>F. oxysporum 155-LOX (Table 1). A. violaceum
155-LOX, which showed the highest specific activity, was
confirmed to be a soluble protein, and E. coli expressing
it was selected as a biocatalyst, and 10R-HDHA, obtained
after reacting E. coli expressing P. homomalla 8R-LOX
with DHA, was used to produce 10-epi-PDX. As the control
reaction, untransformed E. coli did not convert 10R-HDHA
under the same reaction conditions.

Identification of the products obtained from the
conversion of DHA and 10R-HDHA by P. Homomalla
8R-LOX and A. violaceum 155-LOX

The product obtained from the conversion of DHA by P.
homomalla 8R-LOX was identified as 10R-HDHA by com-
paring the retention time with that of the 10-HDHA standard
using HPLC with reversed-phase column (Figure S1) and the
10S-HDHA standard and 10(+)-HDHA with chiral-phase
column (Fig. 3A). The total molecular mass of the product
was indicated by the peak at mass per charge (m/z) value
of 343.8 [M—H]" in the LC-MS spectrum (Figure S2A),
which was the same as that of 10-HDHA (MW =344.5)
with a difference of m/z 0.3. The critical peaks at m/z 161.2

@ Springer

17S-HDHA is not available because E. coli expressing P. homomalla
8R-LOX shows no activity for 17S-HDHA. HpDHA: hydroperoxydo-
cosahexaenoic acid, DiHpDHA: dihydroperoxydocosahexaenoic acid

and 325.3 in the LC-MS/MS spectrum of the compound
(Fig. 4A) were the same as those originating from cleavage
between C10 and C11 near the hydroxyl group and the loss
of H,O from the total molecular mass of 10-HDHA with
differences of m/z 0.2, respectively.

The product obtained from the conversion of 10R-HDHA
by A. violaceum 15S-LOX was identified as 10,17-DiH-
DHA by comparing the retention time with that of the
10,17-DiHDHA standard using HPLC with reversed-phase
column (Figure S3) In HPLC with normal-phase column,
the retention times of the product 10,17-DiHDHA and PDX
(108,17S-DiHDHA) were different (Fig. 3B). 155-LOX
converted 10S-HDHA into PDX (10S,17S-DiHDHA) (Shin
et al. 2022), indicating that the product obtained from the
conversion of 10R-HDHA by 4. violaceum 155-LOX was
10-epi-PDX (10R,17S-DiHDHA). Thus, the difference of
the retention times was due to the different R- and S-forms
at C10. The retention times of PDX and 10-epi-PDX also
differed in the LC/MS chromatograms (Serhan et al. 2006).

In the LC-MS spectrum, the peak at m/z 359.8 indicated
the total molecular mass of the product, corresponding to
that of DIHDHA (MW =360.5) with a difference of m/z 0.3
(Figure S2B). The fragment peaks at m/z 153.1, 177.1, and
261.2 in the LC-MS/MS spectrum of the product resulted
from cleavages between C9 and C10, C10 and C11, and
C16 and C17 near the hydroxyl groups with differences
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Fig. 3 HPLC chromatograms A
of the products obtained from
the conversion of DHA and
10R-HDHA by P. homomalla 8R- 566
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within m/z 0.2, respectively (Fig. 4B). The fragment peak
at m/z 341.3 in the LC-MS/MS spectrum was formed by
the loss of H,O from the total molecular mass with a dif-
ference of m/z 0.2. These results indicate that the product is
10,17-DiHDHA.

The chemical structure of the product obtained from
the conversion of 10R-HDHA by A. violaceum 15S-LOX
was determined as 10,17-DiHDHA by 1D and 2D NMR

analysis (Table S1 and Figure S4). The coupling con-
stants J,;_,, and J;s_;, were 15.1 Hz, whereas Ji;_,
was 10.0 Hz. The results indicate that the double bonds of
C11—12 and C15—-16 have E geometry, whereas that of
C13 — 14 has Z geometry. The resonance frequencies of two
double bonds of H11—12 and HI15— 16 were 5.68 —5.70
and 6.68 — 6.69 ppm, whereas those of three double bonds
of H4—5, H7-8, and H19-20 were 5.30—5.46 ppm.
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Fig.4 LC-MS/MS chromato- A >
grams of 10R-HDHA and 100 - OH m/z161.2 3253
10R,17S-DiHDHA (10-¢pi-PDX) 1o . —
obtained from the conversion ] =— =— =
of DHA and 10R-HDHA by P, i o) 10R-HDHA
homomalla 8R-LOX and 4. vio- 80
laceum 15S-LOX, respectively. © i
A LC-MS/MS chromatogram of e 281.3
10R-HDHA. B LC-MS/MS chro- g 60 ]
matogram of 10R,17S-DiHDHA s . 205.1
(10-epi-PDX). The red-colored 2 '
star marks indicate critical o | 2332
fragments 2 40 1
g *
< 299.4
[ 161.2
] 234.1,
20 +
189.1 326.3
137.1 171 221.2( 247.3
109.1 r- Uy 122473 9592 300.2
0+ e e
100 150 200 250 300 350 400
m/z
B
m/z261.2 *
100 341.3
m/z153.1 OH m/z177.1
1Ho
80 _- o 10R17S-DiHDHA
® i
g8 ] *
c ] 297.3
8 153.1
c i
: -
< ] *
@ . 261.2
£ 40 1 323.3
1 315.2
g ]
20 ] 181.1 2172 2433
L * 2792 342.3
g 1771 199.1 227.2 :
1371
1 m2 Ll Ll Ay
0 — ||l i II . .|JI| L] I| L ||I ; A I ; )
100 150 200 250 300 350 400
m/z

The results indicate that the double bonds of C11-CI12
and C15—-C16 have E geometry, whereas those of C4—5,
C7-38, and C19—20 have Z geometry. Thus, the product is
10R,17S-42,7Z,11E,13Z,15E,19Z-DiHDHA.

Biotransformation of DHA into 10R-HDHA by E. Coli
expressing P. Homomalla 8R-LOX

The effects of temperature and pH on the conversion of
DHA as a substrate into 10R-HDHA were investigated by E.
coli expressing P. homomalla 8R-LOX. The maximal activ-
ity was observed at 30 °C and pH 8.0 as an optimal tem-
perature and pH, respectively (Figure S5). The effects of the

@ Springer

concentration of DHA and cells on 10R-HDHA production
was examined, and the maximal production was observed at
2.0 mM DHA and 4.0 g/L cells (Figure S6).

The optimal reaction conditions for 10R-HDHA produc-
tion from DHA by E. coli expressing P. homomalla 8R-LOX
were 30 °C, pH 8.0, 2.0 mM DHA, 4.0 g/L cells, and 5%
(v/v) ethanol in the presence of 200 mM cysteine. Under
these conditions, the cells produced 1.4 mM (482 mg/L)
10R-HDHA from (657 mg/L) 2.0 mM DHA for 40 min
(Fig. 5A), with a molar conversion of 70%, specific produc-
tivity of 8.8 umol/min/g-cells, and volumetric productivity
of 2.1 mM/h.
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Fig. 5 Time-course biotransformation of DHA into 10-epi-PDX
via 10R-HDHA. A Time-course biotransformation of DHA into
10R-HDHA by E. coli expressing P. homomalla 8R-LOX. B Time-
course biotransformation of 10R-HDHA into 10-epi-PDX by E. coli
expressing A. violaceum 15S-LOX. The purified 10R-HDHA obtained
from the conversion of DHA by E. coli expressing P. homomalla 8R-
LOX was used as a substrate. C Time-course biotransformation of
DHA into 10-epi-PDX via 10R-HDHA by the serial reactions of E. coli

Biotransformation of 10R-HDHA into 10-epi-PDX by
E. Coli expressing A. Violaceum 155-LOX

The effects of temperature and pH on the conversion of
10R-HDHA into 10-epi-PDX were examined by E. coli
expressing A. violaceum 155-LOX. The maximal activity
was observed at 20 °C and pH 8.5 as an optimal temperature
and pH, respectively (Figure S7). The optimal cell concen-
tration for 10-epi-PDX production by E. coli expressing A.
violaceum 15S-LOX with 1.4 mM 10R-HDHA was inves-
tigated (Figure S8). 10-Epi-PDX production was increased
with increasing cell concentration up to 1.0 g/L and reached
a plateau above this cell concentration. Therefore, the
optimal cell concentration for the maximal production of
10-epi-PDX was determined to be 1.0 g/L.

10R-HDHA obtained from the conversion of DHA by E.
coli expressing P. homomalla 8R-LOX was purified, and
the purified I0R-HDHA was used as a substrate to biosyn-
thesize 10-epi-PDX. The optimal reaction conditions for
the production of 10-epi-PDX from 10R-HDHA by E. coli
expressing 4. violaceum 155-LOX were 20 °C, pH 8.5, 1.4
mM 10R-HDHA, 1.0 g/L cells, and 5% (v/v) ethanol in the
presence of 200 mM cysteine. Under these conditions, E.
coli expressing A. violaceum 15S-LOX converted 1.4 mM
(482 mg/L) 10R-HDHA into 1.2 mM (433 mg/L) 10-epi-
PDX in 30 min (Fig. 5B), with a molar conversion of 86%,
specific productivity of 30.0 umol/min/g-cells, and volu-
metric productivity of 2.4 mM/h (865 mg/L/h).

expressing P. homomalla 8R-LOX and E. coli expressing 4. violaceum
155-LOX. E. coli expressing P. homomalla 8R-LOX converted DHA
into 10R-HDHA. The formed 10R-HDHA (open circle) and residual
DHA (filled square) were converted into 10-epi-PDX (filled circle);
and 17S-HDHA (open square), RvD5 (filled triangle), and 16,17-hep-
oxilin By (open diamond) by E. coli expressing 4. violaceum 15S-
LOX, respectively. Error bars and data points indicate the standard
deviation and means of three experiments, respectively

Biotransformation of DHA into 10-epi-PDX via
10R-HDHA by serial reactions of E. Coli expressing
P. Homomalla 8R-LOX and E. Coli expressing A.
Violaceum 155-LOX

Under each optimal conditions, the serial reactions of E. coli
expressing P. homomalla 8R-LOX and E. coli expressing A.
violaceum 15S-LOX were performed for 90 min. DHA at
2.0 mM (657 mg/L) was converted into 1.2 mM (433 mg/L)
10-epi-PDX via 1.4 mM (482 mg/L) 10R-HDHA in 80 min
(Fig. 5C), with a molar conversion of 60% and volumetric
productivity of 0.9 mM/h (319 mg/L/h). In the serial reac-
tions, E. coli expressing P. homomalla 8R-LOX converted
2.0 mM DHA into 1.4 mM 10R-HDHA in 40 min, with a
molar conversion of 70% and volumetric productivity of
2.1 mM/h. After 40 min, E. coli expressing P. homomalla
8R-LOX was removed and 1 g/L of E. coli expressing A.
violaceum 15S-LOX was added to the cell-removed solu-
tion and incubated for additional 50 min. E. coli express-
ing A. violaceum 155-LOX converted 1.4 mM 10R-HDHA
into 1.2 mM 10-epi-PDX for 40 min, with a molar con-
version of 86% and volumetric productivity of 1.8 mM/h
(649 mg/L/h). The productivities of 10-epi-PDX in the
serial reactions were 1.3-fold lower than those using 1.4
mM purified 10R-HDHA due to the presence of DHA. The
residual DHA derived from the first whole-cell reaction was
converted into byproducts, including 0.21 mM 17S-HDHA,
0.07 mM RvDS5, and 0.04 mM 16,17-hepoxilin Bs, by E.
coli expressing A. violaceum 155-LOX.
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Discussion

The biosynthetic pathways from DHA to PD1 and PDX are
constructed by utilizing different mechanisms of 155-LOX
(An et al. 2021; Stenvik Haatveit and Hansen 2023). The
epoxidation activity of 15S-LOX converts DHA into the
intermediate 16S,17S-epoxy-DHA, which is hydrolyzed to
PDI1 (10R,17S-11E,13E,15Z-triene) by epoxide hydrolase
(Aursnes et al. 2015), whereas the oxygenation activity of
155-LOX converts DHA into the intermediate 17S-HDHA
under reduction conditions, which is converted into PDX
(108,17S8-11E,13Z,15E-triene) by its double oxygenation
activity (Serhan et al. 2015b) or by 8S-LOX (Shin et al.
2022) (Figure S9). Owing to the different mechanism, PDX
shows a different stereoselectivity at C10 with a different
E-Z isomerism of double bonds to that of PD1. 10-Epi-PDX
shows the same E-Z isomerism compared to that of PDX
because the mechanism is same. However, it exhibits a dif-
ferent stereoselectivity at C10 because a different stercose-
lective LOX is used.

The chirality of the product obtained from the conver-
sion of DHA by P. homomalla 8R-LOX was R-form by
HPLC analysis with chiral-phase column (Fig. 3A). The
chirality at C10 of the DiHDHA product obtained from
the conversion of 10R-HDHA by 4. violaceum 15S-LOX
was R-form because it derived from 10R-HDHA. In HPLC
profiles, the retention times of the products 10,17-DiHDHA
and PDX (10S,17S-DiHDHA) were different (Fig. 3B).
The product obtained from the conversion of DHA by the
serial reactions of 8R- and 15S5-LOXs was 10R,17S-DiH-
DHA because PDX (10S,17S-DiHDHA) was produced
by the serial reactions of 8S- and 155-LOXs (Shin et al.
2022). The E-Z geometry of double bonds of the product by
NMR analysis was 4Z,7Z,11E,13Z,15E,19Z (Table S1 and
Figure S4). Thus, the product was identified as 10R,17S-
4Z7Z11E13Z,15E,19Z-DiHDHA. The C10 epimer form
of PD1 (10R,178-4Z,7Z11E,13E,15Z,19Z-DiHDHA) has
been called 10-epi PD1 (10S8,175-42,7Z,11E,13E,15Z,19Z-
DiHDHA) with different stereoselectivity of the hydroxyl
group at C10 and the same E-Z geometry of double bonds
(An et al. 2021; Balas and Durand 2016). The product
(10R,178-4Z,7Z,11E,13Z,15E,19Z-DiHDHA) is named
10-epi-PDX because it is the C10 epimer form of PDX
(108,178-4Z,7Z,11E,13Z,15E,19Z-DiHDHA) (Fig. 1). The
two diastereomers, 10-epi-PDX and PDX (Shin et al. 2022),
have different electronic structures with distinguishable
NMR spectroscopy due to the different stereoselectivity at
C10 (Figure S10).

In the biotransformation reactions, the extracellular
reducing agent was essential to reduce the formed hydro-
peroxy fatty acids during the reactions to hydroxy fatty
acids because the hydroperoxy fatty acids were present in
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the product and the activities of endogenous bacterial per-
oxidases were not enough to reduce the formed hydroper-
oxy fatty acids during the short reaction time within 90 min.
We used cysteine as a reducing agent in the present study
because it reduced completely the formed hydroperoxy
fatty acids to hydroxy fatty acids. For more efficient reduc-
tion, the choosing test of much stronger reducing agent is
required.

As the control reaction, untransformed E. coli did not
convert DHA, whereas E. coli expressing P. homomalla 8R-
LOX converted DHA to 10R-HDHA. The only one reported
8R-LOX P. homomalla 8R-LOX was used, and the expres-
sion of 8R-LOX was confirmed as soluble protein (Brash
et al. 1996). E. coli expressing P. homomalla 8R-LOX
converted the substrate DHA into 10R-HDHA, whereas E.
coli expressing mouse 8S-LOX converted DHA in DHA-
enriched fish oil hydrolyzate (DFOH) into 10S-HDHA
(Shin et al. 2022). The composition of DFOH is not the
same as the reagent-grade DHA (99%). DFOH contains not
only DHA, but also DPA, EPA, ARA, other fatty acids, and
glycerol because it is obtained from DHA-enriched fish oil
by hydrolysis of fish oil. However, the reagent-grade DHA
contains no or little these by-products. Other by-products
besides DHA of DFOH and other hydroxy fatty acids pro-
duced from other fatty acids by 8S-LOX might inhibit
the enzyme reaction. Therefore, the comparison was not
exact because different substrates were used. Neverthe-
less, the production of 10R-HDHA was compared to that
of 10S-HDHA (Table 2). The product concentration, molar
conversion, and specific and volumetric productivities for
the biocatalytic synthesis of 10R-HDHA from DHA were
3.3-, 1.6-, 24-, and 29-fold higher than those of 10S-HDHA
from DHA in DFOH, respectively, suggesting that the pro-
duction of 10R-HDHA by E. coli expressing P. homomalla
8R-LOX is more efficient than that of 10S-HDHA by E. coli
expressing mouse 8S-LOX.

As the control reaction, untransformed E. coli did not
convert 10R-HDHA, whereas E. coli expressing A. viola-
ceum 15S8-LOX converted 10R-HDHA to 10-epi-PDX. The
expression of (4) violaceum 155-LOX was confirmed as
soluble protein (Lee et al. 2020). Microbial 15S-LOXs have
been reported from A4 violaceum, (B) thailandensis, Pseudo-
monas aeruginosa, and Oscillatoria nigro-viridis (An et al.
2021). We have only 15S-LOXs from A4 violaceum and B.
thailandensis, while those from F oxysporum and N. seiolae
are newly cloned and identified. Therefore, these 155-LOXs
are chosen for evaluation. The product concentration, molar
conversion, and specific and volumetric productivities for
the production of 10-epi-PDX (10R,17S-DiHDHA) from
10R-HDHA by E. coli expressing (4) violaceum 155-LOX
were 4.0-, 1.2-, 143-, and 35-fold higher than those for the
production of PDX (10S§,17S-DiHDHA) from 10S-HDHA
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Table 2 Biotransformation of DHA into 10-epi-PDX (10R,17S-DiHDHA) or PDX (10S,17S-DiHDHA) via 10R-HDHA or 10S-HDHA by serial
reactions of E. coli expressing 85-LOX or 8R-LOX and E. coli expressing 155-LOX, respectively

Biocatalyst Substrate (mM) Product (mM) Specific productivity Volumetric ~ Molar Reference
(LOX expressed in E. coli) (umol/min/g-cells) productivity conversion
(uM/h) (%)
Mouse 8S-LOX DHA in DFOH* 10S-HDHA (0.43)  0.36+0.01 72+2.0 43.0+1.0 (Shinet
(1.0) al. 2022)
B. thailandensis 158-LOX 10S-HDHA in 108,178-DiHDHA ~ 0.21+0.01 60+1.0 69.8+23 (Shinet
mouse 8S-LOX (0.30) al. 2022)
treated DFOH
(0.43)
Mouse 8S-LOX + DHA in DFOH (1.0) 10S,17S-DiHDHA 25+0.5 30.0+£0.1 (Shinet
155-LOX B. thailandensis (0.30) al. 2022)
P. homomalla 8R-LOX DHA (2.0) 10R-HDHA (1.4) 8.8+0.2 2,100+68  70.0+£2.3  This study
A. violaceum 158-LOX 10R-HDHA (1.4) 10R,17S-DiHDHA 30.0+0.5 2,400+27 85.7+13  This study
(1.2)
P. homomalla 8R-LOX + DHA (2.0) 10R,17S-DiHDHA 886+12 58.9+0.5  This study

A. violaceum 155-LOX (1.2)

“DFOH, DHA-enriched fish oil hydrolyzate

derived from DFOH by E. coli expressing (B) thailand-
ensis 15S5-LOX, respectively (Table 2). The specific activ-
ity of E. coli expressing (A) violaceum 15S-LOX towards
10R-HDHA was 2.1-fold higher than that of E. coli express-
ing (B) thailandensis 155-LOX (Table 1), which was used
for the biotransformation of 10S-HDHA into PDX (Shin et
al. 2022). These results suggest that E. coli expressing (4)
violaceum 15S5-LOX to produce 10-epi-PDX is a more effi-
cient biocatalyst than E. coli expressing (B) thailandensis
155-LOX to produce PDX.

DHA in DFOH at 1.0 mM was converted into 0.3 mM
PDX via 0.43 mM 10S-HDHA by the serial reactions of .
coli expressing mouse 8S-LOX and E. coli expressing B.
thailandensis 155-LOX in 12 h, with a molar conversion
of 30% and volumetric productivity of 25 pM/h (Shin et
al. 2022). The product concentration, molar conversion, and
volumetric productivity for the production of 10-epi-PDX
from DHA were 4.0-, 2.0-, and 31-fold higher than those for
the production of PDX from DHA in DFOH, respectively
(Table 2). The results suggest that the biocatalyst system for
the production of 10-epi-PDX using DHA is superior to that
of PDX.

Conclusions

The synthesis of 10-epi-PDX by mammalian cell culture
is not viable for providing it for research purposes because
they are produced in small amounts. Thus, we performed
the quantitative production of 10-epi-PDX from DHA by
the serial whole-cell biotransformation of E. coli expressing
8R-LOX and E. coli expressing 15S-LOX. In the biotrans-
formation, 433 mg/L (1.2 mM) 10-epi-PDX was obtained
from 657 mg/L (2.0 mM) DHA in 80 min, with a conversion

of 66% (w/w) and volumetric productivity of 319 mg/L/h.
To the best of our knowledge, this is the first quantitative
production of 10-epi-PDX. The quantitative production can
supply large amounts of 10-epi-PDX for research purposes.
Our results will contribute to providing a sufficient supply
of 10-epi-PDX to study its efficacy and functionality.
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