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Abstract: In the human body, docosahexaenoic acid (DHA) contained in fish oil is converted to trace
amounts of specialized pro-resolving mediators (SPMs) as the principal bioactive metabolites for
their pharmacological effects. Protectin Dx (PDX), an SPM, is an important medicinal compound
with biological activities such as modulation of endogenous antioxidant systems, inflammation pro-
resolving action, and inhibition of influenza virus replication. Although it can be biotechnologically
synthesized from DHA, it has not yet been produced quantitatively. Here, we found that 155-lipox-
ygenase from Burkholderia thailandensis (BT 15SLOX) converted 10S-hydroxydocosahexaenoic acid
(10S-HDHA) to PDX using enzymatic reactions, which was confirmed by LC-MS/MS and NMR
analyses. Thus, whole-cell reactions of Escherichia coli cells expressing BT 15SLOX were performed
in flasks to produce PDX from lipase-treated DHA-enriched fish oil along with E. coli cells express-
ing Mus musculus (mouse) 8S-lipoxygenase (MO 8SLOX) that converted DHA to 10S-HDHA. First,
1 mM DHA (DHA-enriched fish oil hydrolysate, DFOH) was obtained from 455 mg/L DHA-en-
riched fish oil by lipase for 1 h. Second, E. coli cells expressing MO 8SLOX converted 1 mM DHA in
DFOH to 0.43 mM 10S-HDHA for 6 h. Finally, E. coli cells expressing BT 155LOX converted 0.43
mM 10S-HDHA in MO 8SLOX-treated DFOH to 0.30 mM (108 mg/L) PDX for 5 h. Consequently,
DHA-enriched fish oil at 455 mg/L was converted to 108 mg/L PDX after a total of 12 h (conversion
yield: 24% (w/w); productivity: 4.5 mg/L/h). This study is the first report on the quantitative produc-
tion of PDX via biotechnological approaches.

Keywords: protectin Dx; docosahexaenoic acid; docosahexaenoic acid-enriched fish oil;
8S-lipoxygenase; 155-lipoxygenase; mouse; Burkholderia thailandensis

1. Introduction

Fish oil, one of the main dietary sources of docosahexaenoic acid (DHA), is used in
the supplement, pharmaceutical, and functional food industries, owing to its health ben-
efits [1-5]. Adequate intake of fish oil as an unhydrolyzed raw material helps in the reg-
ulation of various immune responses, including inflammation in the human body, by con-
verting DHA to trace amounts of specialized pro-resolving mediators (SPMs), such as the
resolvin, protectin, and maresin families [6-8]. SPMs, a type of lipid mediator, are signal-
ing molecules essential for intracellular communication and homeostasis in humans [9].
They are generated in humans by transcellular reactions of M2 macrophages in response
to tissue damage and infection and promote the resolution of inflammation at the trace
level [10-12]. These mediators have attracted great interest in recent years because of their
diverse important roles, such as modulation of endogenous antioxidant systems [13], re-
duction of pain [14], relief of fever [12], recovery of homeostasis [15], resolution of insulin
resistance [16], regeneration of injured tissues [17], restoration of vascular integrity and
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perfusion [18], production of human antibodies [19], and host defense to infection [20,21].
Nevertheless, SPMs are still sold only for reagent use due to the lack of production tech-
nology. Although SPM Active® (Metagenic, Aliso Viejo, CA, USA) as a dietary supplement
is on the market, it only consists of precursors of SPMs, such as 18-hydroxyeicosapentae-
noic acid, 17-hydroxydocosahexaenoic acid, and 14-hydroxydocosahexaenoic acid. There-
fore, for the commercialization of SPMs as functional health foods or pharmaceuticals, it
is necessary to develop technologies to produce them.

The chemical structures and abbreviations of SPMs and their analogs are summa-
rized in Table S1. Among the protectin family, protectin D: (PD1), 10R,17S-dihy-
droxydocosahexaenoic acid (10R,175-DiHDHA), is well known to possess strong anti-in-
flammatory [22], anti-apoptotic [23], and neuroprotective activities [24,25], and protectin
Dx (PDX), 10S,17S-DiHDHA, is structurally different from PD1, with a different stereo-
chemistry of the hydroxyl group at the C10 position. PD1 exhibits Z and E configurations
for the double bonds at the C13 and C15 positions, whereas PDX shows E and Z configu-
rations [26,27]. PDX has been reported to be an important medicinal compound, with anti-
inflammatory [28], antioxidant [29,30], antiviral [28], and anti-fibroproliferative [31] ef-
fects. Chemical synthesis of PDX is an expensive and pollution-causing process because
of its synthesis with 29-step reactions and the use of heavy metals, such as Pd (PPhs)2Cl2
and CrClz, carcinogens, such as benzene and tetrahydrofuran, and hazardous substances
[32]. However, enzymatic synthesis of natural or synthetic compounds is a viable alterna-
tive route to chemical synthesis, which has become an important remarkable system in
industries [33,34]. PDX can also be biologically synthesized by a double-dioxygenating
lipoxygenase (LOX)-mediated reaction in peritonitis exudate, human leukocyte suspen-
sion, and in soybean 155LOX incubated with 2-30 uM DHA [26,35]. However, PDX pro-
duced by biological methods only has been qualitatively identified; thus, quantitative pro-
duction must still be performed. Moreover, the production of SPM from inexpensive nat-
ural oil has not yet been attempted. To economically provide the PDX sample for efficacy
experiments, it is essential to biotechnologically and quantitatively produce PDX using a
higher concentration of substrate than previous biological synthesis.

Double-dioxygenating LOXs have converted DHA to SPM and SPM analogs, such as
resolvin D5 (RvD5, 75,17S-DiHDHA) and 10-cis-12-trans-7S-epimer of maresin 1 (75,145-
DiHDHA), with their enzymatic activities [36,37]. Although PDX is biosynthesized from
DHA by double-dioxygenating of MO 8SLOX, the activity at the second dioxygenation is
too low (680-fold lower than that of Archangium violaceum 15SLOX) [36]. Thus, only MO
8SLOX cannot be used for the quantitative production of PDX. As an alternative route,
PDX can be produced from 10S-hydroxydocosahexaenoic acid (10S-HDHA), which is con-
verted from DHA by MO 8SLOX, by 155LOX, which can hydroxylate the C17 position in
10S-HDHA as a substrate. We have already produced 10S-HDHA from DHA using
whole-cell reaction of Escherichia coli cells expressing MO 8SLOX in flasks [38]. Therefore,
the production of PDX from DHA can be completed by applying 155LOX, which can
convert to PDX from 10S-HDHA, to the whole-cell reaction.

In this study, we found that 155LOX from Burkholderia thailandensis (BT 15SLOX) con-
verted 10S-HDHA, 85-hydroxyeicosatetraenoic acid (8S-HETE), and 8S-hydroxyeicosa-
pentaenoic acid (85-HEPE) to PDX (105,17S-DiHDHA), 85,155-dihydroxyeicosatetraenoic
acid (85,155-DiHETE), and 85,155-dihydroxyeicosapentaenoic acid (8S5,155-DiHEPE), re-
spectively. To quantitatively produce expensive PDX from inexpensive DHA-enriched
fish oil, lipase-treated DHA-enriched fish oil hydrolysate (DFOH) was used as the sub-
strate, and a two-step whole-cell biotransformation process via a 10S-HDHA intermediate
was established using E. coli cells expressing MO 8SLOX and BT 15SLOX (Figure 1).
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Figure 1. Biosynthetic pathway of 10S,175-DiHDHA (PDX) from DHA-enriched fish oil. DHA,
which is hydrolyzed from DHA-enriched fish oil by lipase, is converted to PDX via 10S-HDHA by
mouse 85-LOX and BT 155-LOX.

2. Results and Discussion

2.1. Identification of Products Obtained from the Conversion of 10S-HDHA, 85-HETE, and
8S-HEPE by BT 15SLOX

Hydroxylation at the C17 position of 10S-HDHA is a key step in the production of
the DiHFA (dihydroxy fatty acid) PDX. To accurately identify the conversion of hydroxy
fatty acids (HFAs) into DiHFAs, enzymatic reaction using BT 155LOX was performed.
The DiHFA products P1, P2, and P3 converted from HFA substrates 10S-HDHA, 8S-
HETE, and 8S-HEPE, which were converted from DHA, arachidonic acid (AA), and
eicosapentaenoic acid (EPA) by E. coli cells expressing MO 8SLOX, respectively [38], were
detected with retention times of 3.46, 3.72, and 4.25 min in high-performance liquid chro-
matography (HPLC), respectively (Figure S1). The total molecular masses of the products
derived from 10S-HDHA, 8S-HETE, and 85-HEPE were indicated by the peaks at mass
per charge (m/z) values of 359.6, 335.6, and 333.7 in their LC-MS spectra (Figure S2), cor-
responding to the molecular masses of DIHDHA, DiHETE, and DiHEPE, respectively. The
fragment peaks at m/z 341, 317, and 315 in Figure 2 were formed by the loss of H2O from
the total molecular masses. The fragment peaks at mm/z 181 and 177, and m/z 260 in the LC-
MS/MS spectra of the product from 10S-HDHA resulted from cleavages between the C10
and C11 positions and between the C16 and C17 positions, respectively (Figure 2a). The
fragment peaks at m/z 155 and 179, and m/z 234 of the product from 8S-HETE, indicate the
cleavages between the C8 and C9 positions and between the C14 and C15 positions, re-
spectively (Figure 2b). In the Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) spectra of the product from 85-HEPE, the fragment peaks at m/z 155 and 177, and
m/z 234, indicate the cleavages between the C8 and C9 positions and between the C14 and
C15 positions, respectively (Figure 2c).
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Figure 2. LC-MS/MS spectra of the products obtained from the conversion of (a) 105S-HDHA, (b) 85-
HETE, and (c) 8S-HEPE by BT 15SLOX. The inset shows the major fragments formed.

The stereochemistry of 10,17-DiHDHA was confirmed by 1D and 2D Nuclear mag-
netic resonance (NMR) spectroscopy (Table 1 and Figure S3) by comparing with a previ-
ous report [26]. The coupling constants of Ji12 and Jis16 were 15 Hz, indicating that the
double bond is in E geometry at 5.70 and 6.68 ppm, respectively. Four Z geometric double
bonds were contained at 5.45-5.31 ppm of H-4,7,19 and 5.93 ppm of H-13. The 10S-H and
175-H peaks had 4.14 and 4.12 ppm, respectively, indicating that the product obtained
from the conversion of 10S-HDHA by BT 155LOX is 105,17S-DiHDHA and that BT
155LOX is a PDX-producing enzyme.

Table 1. 'H and 3C NMR data of PDX.

Proton Number 1H (d) Multiplet J (Hz) Protons 13C (D)
1 177.4
2 2.29 m 2H 35.3
3 2.23 m 2H 24.1
4 5.35 m 1H 1294
5 5.35 m 1H 130.2
6 2.80 m 2H 26.8
7 5.40 m 1H 131.1
8 5.40 m 1H 126.6
9 2.31,2.29 m 2H 36.5
10 414 td 6.53, 6.12 1H 73.2
11 dad 15.05, 6.12 1H 138.2
12 dd 15.05 1H 126.6
13 d 9.83 1H 130.1
14 d 9.83 1H 130.1
15 dad 15.07 1H 126.6
16 ddd 15.07, 6.54, 2.65 1H 138.2
17 412 td 6.58, 6.54 1H 73.3
18 2.28,2.24 m 2H 36.3
19 5.33 m 1H 125.6
20 5.43 m 1H 134.8
21 2.02 td 7.50, 7.15 2H 21.8
22 0.92 t 7.50 3H 14.7

2.2. Substrate Specificity of BT 15SLOX for PUFAs and HFAs
Since the maximal activity of BT 155LOX was observed at pH 7.5 and 25 °C [27], the

substrate specificity of BT 15SLOX was determined at this pH and temperature by meas-
uring the specific activities for PUFAs, such as DHA, AA, and EPA, and HFAs, such as
10S-HDHA, 8S-HETE, and 8S-HEPE (Table 2). The specific activity of BT 15SLOX towards
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PUFAs followed the order AA > EPA > DHA, whereas that towards HFAs followed the
reverse order, 10S-HDHA > 8S-HEPE > 85-HETE. Among the activities towards HFAs,
the activity towards 10S-HDHA was approximately 1.9- and 3.0-fold higher than that to-
wards 85-HETE and 8S-HEPE, respectively. These results indicate that BT 15SLOX is an
efficient enzyme for producing PDX from 10S-HDHA derived from DHA.

Table 2. Substrate specificity of BT 15SLOX for PUFAs and HFAs.

Substrate Product Specific Activity (umol/min/mg)
DHA 175-HDHA 2.74 +0.06
AA 15S-HETE 4.89+0.19
EPA 155-HEPE 3.09 +0.06
10S-HDHA PDX 1.17+0.01
8S-HETE 8S5,155-DiHETE 0.38+0.01
8S-HEPE 85,155-DiHEPE 0.61 +£0.02

2.3. Biotransformation of HFAs to DiHFAs by BT 15SLOX

The conversion of HFAs, 10S-HDHA, 8S-HETE, and 8S-HEPE to the DiHFAs
105,175-DiHDHA (PDX), 85,155-DiHETE, and 8S,155-DiHEPE, respectively, was investi-
gated at 25 °C and pH 7.5 with 1 mM HFA, and 1.5 mg/mL enzyme in the presence of 10
mM cysteine for 20 min (Figure 3). BT 15S5LOX converted 1 mM of 10S-HDHA, 8S-HETE,
and 8S-HEPE to 0.92 mM PDX, 0.97 mM 8S5,155-DiHETE, and 0.83 mM 8S,155-DiHEPE
for 20 min, with molar conversion yields of 92, 97, and 83%, and productivities of 2.76,
2.91, and 2.50 mM/h, respectively. The conversion rate and productivity towards the sub-
strates followed the order: 8S-HETE > 10S-HDHA > 8S-HEPE, which was different from
the order of the specific activity. This may be due to the differences in the initial and over-
all rates and/or used substrate concentration (0.2 mM and 1 mM). To date, DiHFAs have
been quantitatively produced by double-dioxygenating microbial LOXs, including
15SLOX from A. violaceum [36] and 12SLOX from Endozoicomonas numazuensis [37], which
convert DHA to 75,175-DiHDHA (RvD5) and 75,145-DiHDHA, with molar conversion
yields of 40 and 52%, respectively. In contrast, in the present study, DiHFA was produced
by the combined reactions of two single-dioxygenating LOXs. Therefore, the biotransfor-
mation of HFAs to DiHFAs in this study could not be quantitatively compared with other
studies. Nevertheless, the high yield of 92% for the conversion of 10S-HDHA to PDX in-
dicated that BT 155LOX is a promising biocatalyst for PDX production.
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Figure 3. Biotransformation of HFAs to DiFHAs by BT 155LOX. (a) Biotransformation of 10S-HDHA
(empty circle) into PDX (filled circle). (b) Biotransformation of 8S-HETE (empty square) to 85,15S-
DiHETE (filled square). (c) Biotransformation of 8S-HEPE (empty up-triangle) to 85,155-DiHEPE
(filled up-triangle). The reactions were performed with BT 155LOX (1.5 mg/mL), each substrate (7
mM), and cysteine (10 mM) in 50 mM HEPES buffer (pH 7.5) at 30 °C for 20 min. Data represent the
means of three experiments, and error bars represent the standard deviations.

2.4. Production of 10S-HDHA from DHA-Enriched Fish Oil via DHA in DFOH by E. coli Cells
Expressing MO 8SLOX

DHA-enriched fish oil, which was industrially produced and directly ingestible as a
dietary supplement [3,5,39], was used as a cheap raw material for PDX production. DFOH
containing 1 mM DHA was obtained from 455 mg/L. DHA-enriched fish oil by lipase from
T. lanuginose after 1 h of treatment for use as a substrate for 10S-HDHA production.
Whole-cell reaction using E. coli cells has been used for HFA and DiHFA productions be-
cause it is more economical and stable than the enzymatic reaction [38,40]. Therefore, two
E. coli cells expressing MO 8SLOX and BT 15SLOX were used for the production of 105-
HDHA and PDX from DHA and 10S-HDHA, respectively.

In the first-step of the whole-cell biotransformation, DHA in lipase-treated DFOH
was converted to 10S-HDHA by E. coli cells expressing MO 8SLOX. The maximal activity
of the cells was observed at pH 7.5 and at 35 °C (Figure 54). These results were the same
as the optimal pH and temperature for producing 8S-HETE from AA using E. coli cells
expressing MO 8SLOX [38].

The optimal concentration of E. coli cells expressing MO 8SLOX to produce 105-
HDHA from DHA in DFOH was assessed at pH 7.5 and 35 °C for 1 h by varying the cell
concentration from 2 to 15 g/L (Figure 4a). 10S-HDHA production was highest at a cell
concentration of 4 g/L, indicating that the optimal cell concentration was 4 g/L. Under the
conditions of pH 7.5, 35 °C, 4 g/L cells, and 1 mM DHA in DFOH, 10S-HDHA production
was performed for 7 h (Figure 4b). E. coli cells expressing MO 8SLOX produced 0.43 mM
10S-HDHA from 1 mM DHA in DFOH for 5 h, with a molar conversion yield of 43%,
which was approximately 1.5-fold lower than that from reagent-grade DHA [38]. This re-
duction may be due to the influence of other fatty acids, such as AA and EPA, or glycerol
in DFOH.
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Figure 4. (a) Effects of cell concentration and (b) time-course reactions to produce 10S-HDHA (filled
circle) from DHA (empty circle) in DFOH. The reactions were performed with E. coli cells expressing
MO 8SLOX, substrate (DHA), and cysteine in 50 mM HEPES buffer (pH 7.5) at 35 °C for 1 h. Data
represent the means of three experiments and error bars represent standard deviations.

2.5. Production of PDX from 10S-HDHA in MO 8SLOX-Treated DFOH by E. coli Cells
Expressing BT 15SLOX

In the second-step of the whole-cell biotransformation, 10S-HDHA in 8SLOX-treated
DFOH was converted to PDX by E. coli cells expressing BT 15S5LOX. The maximal activity
of the cells was observed at pH 7.5 and 30 °C (Figure S5). The optimal pH for producing
PDX from 10S-HDHA in DFOH was the same as that of 13-hydroxyoctadecadienoic acid
produced from linoleic acid using the same enzyme, whereas the optimal temperature
was 5 °C higher [27].

The effect of the concentration of recombinant E. coli cells on PDX production was
studied with 0.43 mM 10S-HDHA in MO 8SLOX-treated DFOH by varying the cell con-
centration from 1 to 10 g/L (Figure 5a). PDX production increased with increasing cell
concentration, but the production rate significantly decreased at concentrations above 4
g/L. Therefore, the optimum cell concentration was determined to be 4 g/L, and the opti-
mal reaction conditions to produce PDX were pH 7.5, 30 °C, and 4 g/L cells. Under these
conditions, PDX production was performed with 10S-HDHA in MO 8SLOX-treated
DFOH for 6 h (Figure 5b). E. coli cells expressing BT 15SLOX produced 0.30 mM PDX from
0.43 mM 10S-HDHA in MO 8SLOX-treated DFOH for 5 h, with a productivity of 60 uM/h
and molar conversion yield of 70%.

0.20

015

PDX (mM)
T
10S-HDHA, PDX (mM)

0.05 -

0.00 1 1 1 1 L g
0 2 4 6 8 10 12 0 100 200 300 400

Cells (g/L) Time (min)
(a) (b)

Figure 5. (a) Effects of cell concentration and (b) time-course reactions to produce PDX (filled
square) from 10S-HDHA (empty square) in MO 8SLOX-treated DFOH. The reactions were per-
formed with E. coli cells expressing BT 15SLOX, substrate (10S-HDHA), and cysteine in 50 mM
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HEPES buffer (pH 7.5) at 30 °C for 1 h. Data represent the means of three experiments and error
bars represent standard deviations.

Table 3 shows the conversion yield and productivity of PDX from DHA-enriched fish
oil at each step, which was summarized as follows: DHA-enriched fish oil at 455 mg/L
was hydrolyzed to DFOH containing 1 mM (328 mg/L) DHA by lipase after 1 h. DFOH
containing 1 mM DHA was converted to 0.43 mM (148 mg/L) 10S-HDHA by E. coli cells
expressing MO 8SLOX after 6 h. PDX at 0.30 mM (108 mg/L) was produced from 0.43 mM
10S-HDHA in MO 8SLOX-treated DFOH by E. coli cells expressing BT 15SLOX after 5 h.
Consequently, 455 mg/L. DHA-enriched fish oil was converted to 108 mg/L PDX after 12
h, with a conversion yield of 24% (w/w) and a productivity of 4.5 mg/L/h. Only a few
studies have reported the qualitative biosynthesis of PDX [26,41]. For instance, human
155LOX converted 2 uM 175-hydroperoxydocosahexaenoic acid to PDX as a minor prod-
uct, accounting for only 28% of all product peaks in the LC-MS trace [41]. Thus, we per-
formed the first quantitative production of PDX. However, this study still has a limitation
in that it involves several reaction steps to produce PDX from the oil. In the future, it is
necessary to develop the production of PDX using a one-pot or one-cell reaction.

Table 3. Conversion and productivity of PDX from DHA-enriched oil at each step.

Step Substrate Product Productivity Step Yield Total Yield
(Biocatalyst) (mg/L) [mM] (mg/L) [mM] (mg/L/h) [uM/h] (g/g) [mol/mol] (g/g)
Hydrolysis . S DHA
(lipase from Thermomyces DHA'enr;ChEd fishoil = g, 11) (328 +11) (0.72) 0.72
lanuginose) (4%5) [1.00 £ 0.03] [1000 + 34]
1st hydroxylation DHA in DFOH 10S-HDHA
(E. coli cells expressing MO (328) (148 £4.1) (24.7 £ 0.68) (0.45) 0.33
8S-LOX) [1.00] [0.43 + 0.01] [72 +2.0] [0.43]
2nd hydroxylation 105_Hiii(lin[l)\§gsls_LOX PDX
(E. coli cells expressing BT (148) (108 £ 1.8) (21.6 £ 0.36) (0.73) 0.24
15S-LOX) 10.43] [0.30 + 0.01] [60 + 1.0] [0.70]

3. Materials and Methods
3.1. Materials

Lipase from Thermomyces lanuginosa and PUFA standards, including DHA, AA, and
EPA, were purchased from Genofocus (Daejeon, Republic of Korea) and Sigma-Aldrich
(St. Louis, MO, USA), respectively. HFA standards, including 8S-HETE and 8S-HEPE, and
DiHFA standards, including PDX and 85,155-DiHETE, were purchased from Cayman
Chemical (Ann Arbor, MI, USA). 10S-HDHA and 85,155-DiHEPE, which were obtained
from the conversion of DHA and 8S-HEPE by MO 8SLOX and BT 155LOX, respectively,
were purified using a semi-preparative HPLC system, as described previously [36,42]. The
purified 10S-HDHA was used as a standard and substrate to produce PDX and the puri-
fied 85,155-DiHEPE was used as a standard. DHA-enriched fish oil (73% (w/v) DHA) was
purchased from AK & MN BioFarm (Ulsan, Republic of Korea). The hydrolysis of DHA-
enriched fish oil to DFOH by lipase from T. lanuginosa was performed with 455 mg/L oil
and 0.5 mg/mL lipase at 37 °C and pH 7.5 with shaking at 250 rpm for 1 h. Complementary
DNA (cDNA) encoding MO 8SLOX was provided by the Korea Human Gene Bank, Med-
ical Genomics Research Center (Daejeon, Republic of Korea).

3.2. Gene Cloning and Culture Conditions

cDNA encoding MO 8SLOX and genomic DNA of B. thailandensis KCTC 23190 were
used for cloning of 8SLOX and 155LOX, respectively. E. coli ER2566 (host cells) and pET-
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28a (+) plasmids (expression vectors) were used for cloning of both genes. Gene cloning
of MO 8SLOX and BT 15SLOX was performed as previously described [27,38]. E. coli cells
expressing MO 8SLOX and BT 15SLOX were cultured in Luria-Bertani (LB) medium sup-
plemented with kanamycin (50 pg/mL) at 37 °C, with shaking at 200 rpm. Protein expres-
sion was induced by adding isopropyl-p-D-thiogalactopyranoside (IPTG, 0.1 mM) once
an ODeoo = 0.6 was reached. The cells were further grown for 16 h at 150 rpm at 16 °C.

3.3. Enzyme Purification

E. coli cells expressing BT 155LOX were harvested from the culture broth by centrif-
ugation (6000x g, 30 min, 4 °C), washed twice using 0.85% NaCl solution, and resuspended
using lysis buffer (50 mM phosphate buffer pH 7.5, 300 mM NaCl, 1 mg/mL lysozyme).
Cells were lysed by sonication on ice for 25 min (power 25%, pulse on 40 s, and pulse off
20 s with a sonic dismembrator (Model 100; Fisher Scientific, Pittsburgh, PA, USA)). The
lysed cells were centrifuged (13,000x g, 20 min, 4 °C), and the supernatant was used to
purify the expressed enzyme following standard techniques of His-trap HP (GE
Healthcare, Piscataway, NJ, USA) and a fast protein liquid chromatography (Bio-Rad,
Hercules, CA, USA) systems. BT 15SLOX purification from cell lysate followed the de-
scribed in our previous publication and the purified enzyme showed a single band in SDS-
PAGE [27].

3.4. Enzyme Reaction

The substrate specificity of BT 15SLOX for PUFAs (DHA, AA, EPA) and HFAs (105-
HDHA, 8S-HETE, 85-HEPE) was investigated by incubating at 30 °C for 10 min in a 50
mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) buffer (pH 7.5) con-
taining 0.2 mM substrate and 0.1 mg/mL BT 155LOX with a reducing agent (10 mM cys-
teine). The activity of BT 155LOX for each substrate was evaluated by quantitatively meas-
uring the product via an HPLC system (Agilent 1100, Santa Clara, CA, USA). The conver-
sion of 10S-HDHA, 8S-HETE, and 85-HEPE to PDX, 85,155-DiHETE, and 85,155-DiHEPE,
respectively, were performed in a 50 mM HEPES buffer (pH 7.5) containing 1 mM sub-
strate and 1.5 mg/mL BT 155LOX with 10 mM cysteine at 30 °C for 20 min.

3.5. Whole-Cell Reaction

The optimal pH and temperature to produce 10S-HDHA from DHA in DFOH or to
produce PDX from 10S-HDHA in DFOH obtained from treating E. coli cells expressing
MO 8SLOX to DHA (MO 8SLOX-treated DFOH) were determined; pH was varied from
6.0 to 9.0 using 50 mM 2-(N-morpholino) ethane sulfonic acid (MES, pH 6.0-6.5), HEPES
(pH 6.5-8.0), 3-[4-(2-hydroxyethyl)-1-piperazinyl] propane sulfonic acid (EPPS, pH
8.0-8.5), and 2-(cyclohexylamino)ethane-1-sulfonic acid (CHES, pH 8.5-9.0) buffers at a
constant temperature of 30 or 35 °C and temperature was varied from 15 or 10 °C to 45 or
40 °C in 50 mM HEPES buffer at a constant pH of 7.5, respectively. The reactions were
conducted in the presence of 10 mM cysteine with 1 mM DHA in DFOH and 1 g/L E. coli
cells expressing MO 8SLOX for 10S-HDHA production. The reactions were performed in
the presence of 10 mM cysteine with 0.43 mM 10S-HDHA in MO 8SLOX-treated DFOH
and 4 g/L E. coli cells expressing BT 15SLOX for PDX production. The optimal cell concen-
tration for producing 10S-HDHA was determined by varying the concentration of E. coli
cells expressing MO 8SLOX from 2 to 15 g/L with 1 mM DHA in DFOH with 10 mM
cysteine (pH 7.5, 35 °C, and 1 h). The optimal cell concentration to produce PDX, the re-
actions were performed with different concentrations of E. coli cells expressing BT 15SLOX
from 1 to 10 g/L and MO 8SLOX-treated DFOH containing 0.43 mM 10S-HDHA in the
presence of 10 mM cysteine at pH 7.5 and 30 °C for 1 h.
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3.6. HPLC Analysis

An equal volume of ethyl acetate was used to extract the reaction mixtures, and the
extracted solution was evaporated until completely dry, and then methanol was added
for HPLC analysis. Substrates and their products were analyzed using a Nucleosil C18
column (3.2 x 150 mm, 5-um particle size; Phenomenex, Torrance, CA, USA) and moni-
tored at 202 nm, and their concentrations were calculated as described in our previous
publication [36]. The column was eluted at 35 °C with mobile phase A (MPA, acetoni-
trile/water/acetic acid, 50/50/0.1, v/v/v) and mobile phase B (MPB, acetonitrile/acetic acid,
100/0.1, v/v) gradient with a flow rate of 0.25 mL/min as follows: 100% MPA for 0-5 min,
from 100% MPA to 100% MPB 5-21 min, from 100% MPB to 100% MPA for 21-27 min,
and 100% MPA for 27-30 min.

3.7. LC-MS/MS and NMR Analyses

LC-MS/MS analysis of the DiHFAs was performed using a Thermo-Finnigan LCQ
Deca XP plus ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA)
at the National Instrumentation Center for Environmental Management of Seoul National
University (Seoul, Republic of Korea). Sample ionization was carried out by electrospray
ionization with the following settings: capillary temperature (275 °C), ion source voltage
(5 kV), nebulizer gas (207 kPa), capillary voltage (15 V, negative mode), average scan time
(0.6 5), average time to change polarity (1.2 s), and abundance of precursor ions at collision
energy (35%). NMR spectroscopy was used to confirm the chemical structure of PDX by
recording 1D (*H, C, and 1H homo decoupling) and 2D (COSY, ROESY, HSQC, and
HMBC) NMR spectra using a Bruker Avance III HD (850 MHz) equipped with a triple-
resonance inverse cryoprobe at the National Center for Inter-University Research Facili-
ties of Seoul National University. Deuterated methanol (MeOD) was used as the solvent
and internal standard (H:0 = 3.31, 13C:0 =49.15). All chemical shifts are shown in 6 (ppm).

4. Conclusions

The production of the SPM PDX from DHA-enriched fish oil was demonstrated via
an enzymatic hydrolysis reaction and two-step whole-cell biotransformation process.
DHA in DFOH obtained from 455 mg/L oil by 0.5 mg/mL lipase was converted to 148
mg/L 10S-HDHA by 4 g/L whole E. coli cells expressing MO 8SLOX and was subsequently
converted to 108 mg/L PDX by 4 g/L whole E. coli cells expressing BT 15SLOX. To the best
of our knowledge, this is the first quantitative biotechnological production of PDX. PDX
has been chemically synthesized, which is an expensive and pollution-causing method,
whereas the amounts produced by biological methods are trace to date. Thus, the estab-
lishment of the biotransformation process from inexpensive natural oil to expensive SPM
is meaningful. Our results would contribute to the economical production of PDX, thereby
also providing sufficient supply of it for studying its efficacy.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal12101145/s1, Figure S1: HPLC chromatograms for the
products obtained from the conversion of (a) 10S-HDHA, (b) 8S-HETE, and (c) 8S-HEPE by BT
15SLOX. P1, P2, and P3 represent unknown products derived from 10S-HDHA, 8S-HETE, and 8S-
HEPE, respectively; Figure 52: LC-MS spectra for the products obtained from the conversion of (a)
10S-HDHA, (b) 8S-HETE, and (c) 8S-HEPE by BT 15SLOX; Figure S3: 1D (*H and '*C) and 2D (COSY,
ROSEY, HSQC, and HMBC) NMR spectra of 105,17S-DiHDHA (PDX) using NMR spectroscopy
(850 MHz NMR, MeDO). (a) '"H NMR spectrum of PDX. (b) *C NMR spectrum of PDX. (c) COSY
spectrum of PDX. (d) ROSEY spectrum of PDX. () HSQC spectrum of PDX. (f) HMBC spectrum of
PDX; Figure S4: Effects of pH and temperature on the production of 10S-HDHA from DHA in
DFOH using E. coli cells expressing MO 8SLOX. (a) Effect of pH. The reactions were performed in
50 mM MES (pH 6.0-6.5, O), HEPES (pH 6.5-8.0, W), EPPS (pH 8.0-8.5, A), and CHES (pH 8.5-9.0,
¢) buffers with 1 g/L of E. coli cells expressing MO 8SLOX and DFOH containing 1 mM DHA at 35
°C for 10 min. (b) Effect of temperature. The reactions were performed in 50 mM HEPES buffer (pH
7.5) with 1 g/L of E. coli cells expressing MO 8SLOX and DFOH containing 1 mM DHA by varying
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the temperature from 15 to 45 °C for 10 min. Data represent the means of three separate experiments,
and error bars represent the standard deviation; Figure S5: Effects of pH and temperature on the
production of PDX from 10S-HDHA in 8SLOX-treated DFOH using E. coli cells expressing BT
15SLOX. (a) Effect of pH. The reactions were performed in 50 mM MES (pH 6.0-6.5, O), HEPES
(pH 6.5-8.0, W), EPPS (pH 8.0-8.5, A), and CHES (pH 8.5-9.0, #) buffers with 1 g/L cells expressing
BT 15SLOX and 8SLOX-treated DFOH containing 0.43 mM 10S-HDHA at 35 °C for 10 min. (b) Effect
of temperature. The reactions were performed in 50 mM HEPES buffer (pH 7.5) with 1 g/L of E. coli
cells expressing BT 15SLOX and 8SLOX-treated DFOH containing 0.43 mM 10S-HDHA by varying
the temperature from 10 to 40 °C for 10 min. Data represent the means of three separate experiments,
and error bars represent the standard deviation; Table S1: The chemical structures and abbreviations
of SPMs and their analogs.
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