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Synthesis of two new lipid 
mediators from docosahexaenoic 
acid by combinatorial catalysis 
involving enzymatic and chemical 
reaction
Jong‑Jae Yi1,2, Sun‑Yeon Heo1, Jung‑Hyun Ju1, Baek‑Rock Oh1, Woo Sung Son2* & 
Jeong‑Woo Seo1*

Omega-3 polyunsaturated fatty acids (PUFAs) have been known to have beneficial effects in the 
prevention of various diseases. Recently, it was identified that the bioactivities of omega-3 are related 
to lipid mediators, called pro-resolving lipid mediators (SPMs), converted from PUFAs, so they have 
attracted much attention as potential pharmaceutical targets. Here, we aimed to build an efficient 
production system composed of enzymatic and chemical catalysis that converts docosahexaenoic 
acid (DHA) into lipid mediators. The cyanobacterial lipoxygenase, named Osc-LOX, was identified 
and characterized, and the binding poses of enzyme and substrates were predicted by ligand docking 
simulation. DHA was converted into three lipid mediators, a 17S-hydroxy-DHA, a 7S,17S-dihydroxy-
DHA (RvD5), and a 7S,15R-dihydroxy-16S,17S-epoxy-DPA (new type), by an enzymatic reaction 
and deoxygenation. Also, two lipid mediators, 7S,15R,16S,17S-tetrahydroxy-DPA (new type) and 
7S,16R,17S-trihydroxy-DHA (RvD2), were generated from 7S,15R-dihydroxy-16S,17S-epoxy-
DPA by a chemical reaction. Our study suggests that discovering new enzymes that have not been 
functionally characterized would be a powerful strategy for producing various lipid mediators. Also, 
this combination catalysis approach including biological and chemical reactions could be an effective 
production system for the manufacturing lipid mediators.

Lipid mediators, such as resolvins and protectins, as bioactive signaling molecules are converted from EPA and 
DHA via lipoxygenase enzymatic reaction at inflamed sites1. These lipid mediators actively promote the termi-
nation of inflammation with general actions: blocking the conversion of pro-inflammatory mediators such as 
prostaglandins and leukotriene, releasing other signaling molecules with anti-inflammatory activity, inhibiting 
the expression of pro-inflammatory cytokines, and promoting macrophage phagocytosis2,3. In addition, several 
in vitro and in vivo studies have demonstrated the pathological effects of SPMs on cancer and vascular diseases4,5. 
Eventually, it was revealed that the health benefits of omega-3 fatty acids in humans are due to the physiological 
action of their downstream metabolites6.

In recent years, lipid mediators behind the beneficial effects of omega-3 fatty acids have attracted much atten-
tion as important pharmaceutical targets for the protection and treatment for chronic inflammatory diseases. 
Consequently, the resolvin E1 analog, RX-10045, is in Phase 2 clinical trials for dry eye and other retinal diseases7, 
and the lipoxin analogs BLXA4 (ZK-142 and ZK-994) are undergoing Phase 1 clinical trials for treatment of 
inflammatory airway diseases (e.g. asthma)8. In contrast to lipid mediators actively promoting the termination 
of the inflammatory response, traditional steroidal and non-steroidal types of anti-inflammatory drugs have 
focused on suppressing the initiation of the inflammation. Although conventional medication for inflammation 
that has been used for a long time can be effective, many of them eventually lead to immunosuppressive which 
may increase the risk of infection9. Hence, resolution therapy based on the SPMs to control various chronic 
inflammatory diseases may be an innovative therapeutic approach enable to replace current treatments.
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Endogenous SPMs potent anti-inflammatory and immune regulatory actions in vivo at very small concen-
trations in picomolar to nanomolar range10. Thus, converting omega-3 fatty acids into high value-added lipid 
mediators is a very meaningful strategy in the field of lipid industry. To date, most of the commercially avail-
able SPMs have been produced by chemical synthesis due to the low activity and stability of the lipoxygenases 
derived from animals and plants11–13. However, chemical synthesis methods also have some demerits, including 
low yield, toxicity of chemicals, and the time-consuming complicated process. Therefore, it is a very important 
challenge to develop an eco-friendly and cost-effective in vitro production system using new microbial enzymes 
that have not been functionally characterized with higher activity capable of manufacturing lipid mediators for 
commercializing in the cosmetic and pharmaceutical industries.

In the present study, we identified a cyanobacterial lipoxygenase, named Osc-LOX, derived from Oscillatoria 
nigro-viridis PCC 7112, which has high activity and unique activity. Notably, two new types of lipid media-
tors were generated by combinatorial catalysis consisting of an enzyme-based biological catalyst with a simple 
chemical catalyst.

Materials and methods
Materials.  The PUFA substrates LA, AA and EPA were purchased from TCI chemicals (Tokyo, Japan). DHA 
was obtained from Thraustochytrid microalgae (Schizochytrium sp. SH103)14. The HFA standards 17S-HDHA 
and resolvin D1-5 were obtained from Cayman Chemical (Ann Arbor, MI, USA). The pfu DNA polymerase 
premix was purchased from Bioneer Inc. (Daejeon, Korea). Restriction enzymes were supplied by New England 
Biolabs (Beverly, MA, USA). The epoxide hydrolase (EH) was purchased from Sigma-Aldrich (St. Louis, MO, 
USA). The E. coli DH5α strain used for gene cloning was purchased from Real Biotech Corporation (Banqiao, 
Taiwan). The plasmid pET-28a and E. coli BL21 (DE3) were supplied by Novagen (Madison, WI, USA). HiTrap 
Talon crude (5 mL) and Superdex 200 pg (16/600) were purchased from GE Healthcare (Madison, WI, USA). 
The SUPELCOSIL LC-DIOL column (25 cm × 3 mm, 5 μm) was obtained from Sigma-Aldrich (St. Louis, MO, 
USA). The HECTOR-M C18 column (25 cm × 4.6 mm, 5 μm) was purchased from RS Tech (Cheongju, Korea). 
The CHIRALPAK IB column (25 cm × 4.6 mm, 5 μm) and CHIRALCEL OD-H column (25 cm × 4.6 mm, 5 μm) 
were obtained from Daicel (Tokyo, Japan). Diaion HP20 resin was obtained from Mitsubishi Chemical (Tokyo, 
Japan). All solvents for high-performance liquid chromatography (HPLC) analysis were from DaeJung Chemi-
cal (Siheung, Korea). All reagents used in this study were extra pure grade.

Gene cloning.  The gene encoding the lipoxygenase, Osc-LOX, from O. nigro-viridis PCC 7112 was codon-
optimized and synthesized by Bioneer Inc. The synthesized gene was used as a template (Supplementary Fig. S1). 
The primers used for cloning were designed using SnapGene Viewer software and were based on the sequence 
of the synthesized gene (Supplementary Table S1). Polymerase chain reaction (PCR) was performed using pfu 
DNA polymerase premix, and the amplified PCR product was purified using a purification kit. The purified 
product was inserted between NdeI and XhoI sites of the pET-28a plasmid, resulting in fusion of a hexa-histidine 
tag to the N-terminus. The stop codon was located in front of XhoI so as to prevent expression of the C-terminal 
his-tag. E. coli strain DH5α was transformed with the constructed plasmids. DNA sequencing, performed by 
Bioneer Inc., showed that the resulting sequence was identical to the original gene sequence.

Enzyme over‑expression, purification, and measurement of molecular weight.  Escherichia coli 
strain BL21 (DE3) was used for target enzyme expression. Host cells harboring pET-28a/osc-lox were cultivated 
at 37 °C in 1-L of Luria–Bertani (LB) medium containing 50 μg mL−1 kanamycin using a 5 L flask. After reach-
ing an optical density at 600 nm (OD600) of ~ 0.5–0.6, expression of Osc-LOX was induced by adding 0.01 mM 
isopropyl-β-thiogalactopyranoside (IPTG) and incubating at 20 °C for 24 h on shaking incubator (180 rpm).

Harvested E. coli cells containing Osc-LOX were resuspended in buffer A (50 mM Tris–HCl pH 7.5, 500 mM 
NaCl, 10 mM imidazole, 0.1 mM phenylmethylsulfonyl fluoride, 5% glycerol). The resuspended cells were dis-
rupted by sonication on ice, and then cell debris was removed by centrifugation at 13,000×g for 30 min at 4 °C. 
The supernatant was loaded onto an affinity column equilibrated with buffer A. A cobalt affinity column (HiTrap 
Talon crude, 5 mL) was utilized in the first step of purification of Osc-LOX. The bound protein was washed with 
50 mM imidazole and then eluted with a linear gradient of 10 to 700 mM imidazole at flow rate of 5 mL min−1. 
Subsequently, eluted fractions containing target protein were pooled and concentrated using an Amicon Ultra-15 
centrifugal concentrator (10,000 kDa molecular weight cut-off). Concentrated protein was loaded onto a HiLoad 
16/600 Superdex 200 pg column (GE Healthcare) that had been previously equilibrated with gel filtration buffer 
(50 mM Tris–HCl pH 7.5, 150 mM NaCl) and was separated based on its molecular size and shape at a flow rate 
of 1 mL min−1. And, this size-exclusion chromatography (SEC) was used to determine the molecular weight 
and oligomeric state. The molecular weight of the eluted protein was calculated by comparison of its retention 
time with that of standard materials. The gel filtration standards, thyroglobulin (670 kDa), γ-globulin (158 kDa), 
ovalbumin (44 kDa), myoglobulin (17 kDa) and vitamin B12 (1.35 kDa), were used for calibration. Sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) on 12% gels was used to confirm purification 
at each step.

Enzymatic activity assay and thermal stability.  Purified Osc-LOX was used to determine the opti-
mum reaction conditions of pH and temperature toward LA (18:2n-6), as well as the half-life of the enzyme. 
Unless otherwise noted, all enzymatic reactions for characterization were performed using 3 μg mL−1 enzyme 
and 50 μM substrate for 10 min. The optimum pH for enzyme reactions was determined over a range of pH 
values from 5.0 to 10.0 using 50 mM 2-(N-morpholino) ethanesulfonic acid (MES) buffer (pH 5.0), 50 mM 
sodium phosphate buffer (pH 6.0–7.0), 50 mM Tris–HCl buffer (pH 8.0) and 50 mM sodium tetraborate buffer 
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(pH 9.0–10.0) at room temperature. The optimum temperature for enzymatic activity and thermal stability was 
investigated by pre-incubating the reaction mixture without substrate at different temperatures from 20 to 60 °C 
in 50 mM Tris–HCl buffer (pH 8.0) for 30 min, after which activity was measured following incubation with 
substrate for 10 min. The half-life of Osc-LOX was measured by incubating the enzyme reaction mixture exclud-
ing substrate up to 360 min at a temperature of 30 °C. The enzyme that was continuously incubated at 30 °C was 
taken every 30 min interval and checked for remaining activity.

Enzyme kinetics measurements.  Arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahex-
aenoic acid (DHA) were used to determine the kinetic parameters of purified Osc-LOX. For kinetics analysis, 
the formation rate of the conjugated diene from the three different substrates was measured by monitoring the 
increase in absorbance at 234 nm. The enzymatic reaction was performed in a quartz cuvette (10 mm) using 
50 mM Tris–HCl buffer (pH 8.0), 3 μg mL−1 enzyme, and varying amounts of substrate (25–175 μM) for 5 min at 
30 °C. The reaction mixture was quickly mixed, and absorbance was measured every 2 s. Spectra were collected 
using an Amersham Biosciences Ultrospec 3100 Pro. Data represent the means (± standard deviation, SD) of 
three separate experiments, each carried out in triplicate. LOX activity was calculated using the extinction coef-
ficient, ε = 23,000 M−1 cm−1, for the conjugated diene15. One unit of LOX activity was defined as the amount of 
enzyme that catalyzed the formation of 1 μmol of hydroperoxy fatty acid per minute. Specific activity (unit mg−1) 
is defined as the number of units per milligram of protein. Reaction rates were calculated from the initial linear 
part of the curve. The Michaelis constant (Km) and turnover number (kcat) were calculated by nonlinear-regres-
sion fits to the Michaelis–Menten equation using the SigmaPlot 10.0 software.

Enzyme reactions for conversion of DHA into bioactive molecules.  Enzymatic reactions were car-
ried out to generate lipid mediators from DHA, by unpurified Osc-LOX (crude enzyme). The DHA as substrate 
used in the reaction was obtained from Schizochytrium sp. SH10314,16. The reaction mixture was prepared so as to 
contain 50 μM substrate in 50 mM Tris–HCl buffer (pH 8.0), and the reaction was initiated by adding Osc-LOX 
at concentrations of 50–400 units mL−1. Reaction mixtures were incubation for 30 min at 30 °C with stirring, 
after which hydroperoxide products were deoxygenated by adding sodium borohydride to a final concentration 
of 25 mM. Finally, enzyme reactions were terminated by adding glacial acetic acid (5 μL mL−1). The catalyzed 
products were extracted using an HP20 resin (1/20 of the reaction volume). Briefly, HP20, pre-activated with 
ethanol, was washed with 5 resin volumes of deionized water. The reaction mixture was loaded onto the cartridge 
containing HP20 and washed with 10 resin volumes of deionized water and dried under a stream of nitrogen 
gas. Products bound to HP20 were eluted with 3 resin volumes of ethanol. The extracted eluents were used for 
HPLC and LC–MS/MS analysis.

Base catalyzed hydrolysis for epoxide ring‑opening.  The epoxide ring-opening reaction was carried 
out using sodium hydroxide (NaOH) as a strong nucleophile. The aqueous solution for the reaction was pre-
pared to contain 0.2 M NaOH in distilled water (DW), to which was added epoxidized material at a final concen-
tration of 100 μg mL−1. The reaction mixture was incubated overnight at 30 °C with stirring. As a reference, the 
hydrolysis reaction for epoxide ring opening was performed using a commercially available EH from Rhodococ-
cus rhodochrous (Sigma-Aldrich) in accordance with the manufacturer’s protocol. The hydrolyzed products were 
extracted using HP20, as described in the enzyme reaction section.

HPLC analysis for conversion products.  HPLC analyses of products converted by Osc-LOX were per-
formed using an Agilent 1200 series equipped with a quaternary pump, solvent degasser, autosampler, thermo-
statted column compartment, diode array detector, and fraction collector. Normal-phase HPLC (NP-HPLC) 
was carried out isocratically on a SUPELCOSIL LC-DIOL column (SUPELCO, 25 cm × 3 mm, 5 μm particle 
size) using heptane/2-propanol/acetic acid (95:5:0.1, by volume) as the solvent. The flow rate was 0.5 mL min−1, 
and the column temperature was maintained at 10 °C. Reversed-phase HPLC (RP-HPLC) was performed on 
a HECTOR-M C18 column (HECTOR, 25 cm × 4.6 mm, 5 μm particle size) using methanol/water/acetic acid 
(70:30:0.1 by volume) as a solvent. The reaction products were separated with the mobile phase at a column tem-
perature of 30 °C and a flow rate of 1 mL min−1. Enantiomers were separated by normal-phase chiral HPLC (NP-
chiral HPLC) using a CHIRALCEL OD-H column (DAICEL, 25 cm × 4.6 mm, 5 μm particle size) and reversed-
phase chiral HPLC (RP-chiral HPLC) using a CHIRALPAK IB column (DAICEL, 25 cm × 4.6 mm, 5 μm particle 
size). For NP-chiral HPLC, a mobile phase consisting of n-hexane/2-propanol/acetic acid (95:5:0.1, by volume) 
was used at a flow rate of 1 mL min−1 and a column temperature of 30 °C. For RP-chiral HPLC, a mobile phase 
consisting of acetonitrile/water/formic acid (50:50:0.1, by volume) was used at a flow rate of 0.8 mL min−1 and a 
column temperature of 25 °C. All samples used for NP-, RP-, NP-chiral and RP-chiral HPLC were dissolved in 
mobile phase after removing ethanol and were injected in a total volume of 10 μL. Substrate (PUFAs) remaining 
after the reaction was assessed by monitoring absorbance of samples at 210 nm, and conjugated hydroxy fatty 
acids were detected by monitoring absorbance at 234 nm, 237 nm, 242 nm, 270 nm, and 302 nm. The standard 
materials, 17S-HDHA, 17R-HDHA and resolvin D1-5, were used to identify the reaction products by compari-
son of retention times. The concentrations of lipid mediators were calculated by correlating peak areas with con-
centrations of standard materials in linear calibration curves. The calibration curves for standard materials are 
shown in Supplementary Fig. S2. Crude reaction products were separated by NP-HPLC using a SUPELCOSIL 
LC-DIOL column, and were collected with a fraction collector. Fractions were evaporated under a stream of 
nitrogen gas and stored in absolute ethanol at − 80 °C. Purified target compounds were used for NMR analysis.
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LC–MS/MS analysis for identification of conversion products.  LC–MS analyses were performed 
using an Agilent TOF spectrometer (G6550A) with an electrospray ionization (ESI) interface. The converted 
products produced by enzymatic reactions were separated on a ZORBAX Eclipse Plus C18 Rapid Resolution 
High Definition column (Agilent, 10 cm × 2.1 mm, 1.8 μm particle size) using an Agilent 6200 series UHPLC 
system consisting of a binary pump, autosampler, multicolumn thermostat, and diode array detector. The col-
umn was eluted isocratically with a solvent of water/acetonitrile/formic acid (90:10:0.1, by volume) at a column 
temperature of 40  °C and a flow rate 0.3 mL min−1. All samples used in analyses were dissolved in absolute 
ethanol after removing methanol and were injected in a total volume of 2 μL. LC flow was directly injected into 
a mass spectrometer equipped with a Dual AJS ESI source. Sample ionization was performed in negative mode 
using the following conditions: drying gas, nitrogen (14 L min−1, 200 °C); nebulizer gas, nitrogen (35 psi); capil-
lary voltage, 3.5 kV; capillary temperature, 350 °C. Spectra were recorded over an m/z range of 50–3000 with 
an accumulation rate of 2 spectra/s. Data were processed using Mass Hunter Workstation Acquisition software. 
The chemical structure was drawn and the molecular masses of its fragments were calculated using ChemDraw 
Professional v 15.1.

Nuclear magnetic resonance (NMR) spectroscopy.  NMR experiments were conducted using a 
Bruker Avance III HD spectrometer (800 MHz) with a 5 mm triple resonance inverse (TCI) Cryo Probe at the 
Research Institute of Pharmaceutical Sciences (Seoul National University, Seoul, Republic of Korea). Purified 
lipid mediators, prepared at a concentration of 5 to 7 mg mL−1 were dissolved in methanol-d4 (CD3OD) and 
measured at 298 K. In addition to 1D NMR (1H, 13C), the following 2D NMR experiments were performed: cor-
relation spectroscopy (COSY), total correlation spectroscopy (TOCSY), nuclear Overhauser effect spectroscopy 
(NOESY), hetero-nuclear single-quantum correlation spectroscopy (Edited-HSQC), and hetero-nuclear multi-
ple-bond correlation spectroscopy (HMBC)17. NMRPipe18 and NMRView software19 were employed for NMR 
data processing and peak assignment. All samples were confirmed by several characteristic proton and carbon 
resonances. Protons were assigned using integrated 1H-COSY (1D 1H and 2D 1H) spectra, which measure the 
correlation between adjacent protons. Then, protons were assigned to carbons using 2D-Edited-HSQC (1H and 
13C) spectra, which record single-through-bond relationships. TOCSY and HMBC spectra were used to identify 
relationships through either two or three bonds, and to distinguish overlapping peaks. Stereochemistry were 
confirmed by NOESY spectra based on the identified stereo information of the precursor.

Polarimetric analysis of conversion products.  Specific rotations were measured using a 10 mL cell 
with 100 mm path length on a JASCO P-2000 Digital Polarimeter. All conversion products were prepared in 
concentrations ranging from 0.05 to 0.1 mg mL−1 in ethyl alcohol, and their specific rotations were detected in 
absorbance at 589 nm at room temperature.

Molecular modeling and substrate docking simulation.  The 3D structure of Osc-LOX was acquired 
using known crystal structures, soybean LOX-3 (PDB ID: 1NO3 and 1HU9), with high sequence homology 
(21% identity) as templates20,21. Initial three-dimensional (3D) structures were generated using the I-TASSER 
method22,23. The generated structure of Osc-LOX was then refined by performing loop modeling using a mod-
eler loop-building algorithm implemented in UCSF Chimera 1.11.2 (https​://www.cgl.ucsf.edu/chime​ra/)24,25. 
Finally, energy minimization of modeled structure was performed after clean up and addition of hydrogen using 
YASARA 19.5.5 (https​://www.yasar​a.org/)26–28. Molecular surface analyses of protein structures and calculation 
of electrostatic surface potentials (ESP) were investigated using UCSF Chimera and YASARA. The structures 
of lipid mediators were drawn using MarvinSketch 17.28 (2018, ChemAxon, https​://www.chema​xon.com), and 
3D structures of lipid mediators were generated and minimized using UFF/GAFF force field in Avogadro29 and 
Spartan 1830. Molecular docking of Osc-LOX with lipid mediators was performed using AutoDock Vina31,32, and 
analyses of ligand–protein interactions were performed using PLIP (Protein–Ligand Interaction Profiler)33. All 
figures of structures were generated with UCSF Chimera and YASARA.

Database search.  The protein database UniProt was used to search the sequence of lipoxygenases. The 
database tools LIPID MAPS Lipidomics Gateway, METLIN, ChemSpider, and PubChem were used to confirm 
the identity of lipid mediators based on the results of LC–MS/MS and NMR analyses.

Results and discussion
Conserved sequence analysis.  The sequence of osc-lox (accession number K9VMV7, 1713 bp) was found 
in the UniProt database for gene synthesis; however, its enzymatic activity studies had not been reported. The 
osc-lox gene encodes a protein consisting of 571 amino acids (calculated molecular mass, 64.9 kDa). A sequence-
alignment analysis was performed with conserved sequences of previously reported LOX enzymes from animals, 
plants, fungi, proteobacteria, and cyanobacteria (Supplementary Fig. S3). The metal-binding amino acids in all 
LOXs were perfectly conserved as the motif, HHHN(H/S)I; however, Osc-LOX incorporates a methionine in 
the last position instead of isoleucine. Alanine and glycine in the catalytic site of LOX are preserved and known 
as stereo-controlled determinants called the Coffa site34. In the Coffa site hypothesis, alanine is conserved in 
S-type LOX and glycine is conserved in R-type LOX; Osc-LOX contains alanine 296, and thus is an S-type LOX.

Preparation of Osc‑LOX for enzyme assay and reaction.  Osc-LOX containing a His6-tag had a 
molecular weight (theoretically calculated) of approximately 67.2 kDa (Supplementary Fig. S4a, left). Cobalt 
affinity chromatography was utilized as a first step of purification. Osc-LOX was eluted over an imidazole con-

https://www.cgl.ucsf.edu/chimera/
https://www.yasara.org/
https://www.chemaxon.com


5

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18849  | https://doi.org/10.1038/s41598-020-76005-5

www.nature.com/scientificreports/

centration range of 170 to 190 mM (Supplementary Fig. S4a, middle). To obtain highly purified enzyme, we 
performed size-exclusion chromatography (SEC). Osc-LOX was retained on the SEC column for 82 min, and 
the relative molecular weight was confirmed to be ~ 67.5 kDa (Supplementary Fig. S4b). Approximately 15 mg 
of Osc-LOX purified with high purity of 96% was obtained from a 1-L culture (Supplementary Fig. S4a, right). 
Since the enzyme was concentrated, the specific activity (unit mg−1) of the enzyme increased at each purifica-
tion stage, but the total activity decreased owing to loss of protein during the purification process. Total activity 
(unit, U) of unpurified Osc-LOX (crude enzyme) was calculated to be 146 kilounits. After the first purification 
step, 71.23% (104 kilounits) of the activity remained, and after the second purification step, 27.4% (40 kilounits) 
of the activity remained (Supplementary Table S2). Total activity refers to the amount of enzyme that can con-
vert monohydroperoxy fatty acids from DHA. The highly purified Osc-LOX was used for characterization and 
kinetics assays. However, because a high concentration of sample is required for NMR analysis, the unpurified 
supernatant (crude enzyme) after cell disruption was used for efficient production of lipid mediators.

Optimal conditions for catalysis and thermal stability.  The optimal conditions for catalysis were 
determined by monitoring the catalytic activity of Osc-LOX at different pH values and temperatures. The effects 
of pH and temperature on the production of hydroxyoctadecadienoic acid (HODE) from LA (C18:2 n-6Δ9,12) 
were determined using spectroscopic methods. The maximum activity of Osc-LOX was defined as 100%, and the 
relative activity, as a percentage, was plotted against various pH values and temperature. The relative activity of 
purified Osc-LOX at various pH values was determined in difference buffer systems at room temperature. Osc-
LOX showed optimal activity at pH 8.0 (Fig. 1a). Although it has been reported that some LOXs exhibit optimal 
activity at an acidic pH, most LOXs have optimal activity at a neutral or alkaline pH35. The optimum temperature 
and thermal stability of Osc-LOX was measured after incubation for 30 min in 50 mM Tris–HCl buffer (pH 8.0) 

Figure 1.   Enzymatic properties of Osc-LOX. (a) Effect of pH on the activity. The optimum pH was determined 
over a range of pH values from 5.0 to 10.0 using 50 mM 2-(N-morpholino) ethanesulfonic acid (MES) buffer 
(pH 5.0), 50 mM sodium phosphate buffer (pH 6.0–7.0), 50 mM Tris–HCl buffer (pH 8.0) and 50 mM sodium 
tetraborate buffer (pH 9.0–10.0) at room temperature. (b) Effect of temperature on the activity. The enzyme 
reaction for optimum temperature was performed by pre-incubating the reaction mixture without substrate 
at different temperatures from 20 to 60 °C in 50 mM Tris–HCl buffer (pH 8.0) for 30 min. And then activity 
was measured following incubation with a substrate. (c) Thermal inactivation half-life of Osc-LOX. Substrate-
free enzyme mixtures (50 mM Tris–HCl buffer, pH 8.0) were pre-incubated at 30-min intervals up to 6 h, 
and enzyme activity was measured following incubation with a substrate. All reactions were performed using 
3 μg mL−1 enzyme and 50 μM substrate (LA, 18:2n-6) for 10 min.
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at temperatures between 20 and 60 °C at 5 °C intervals. The optimum temperature for the enzymatic reaction of 
Osc-LOX was 30 °C, and the enzyme appeared to be stable from 20 to 35 °C with no aggregation (Fig. 1b). How-
ever, Osc-LOX aggregated and its activity drastically decreased at temperatures above 40 °C; at temperatures 
above 55 °C, its activity was completely lost. Osc-LOX might exhibit relative thermal stability at temperatures 
below 35 °C, but heat denaturation occurs when the temperature rises above 40 °C. The optimum temperature 
for Osc-LOX was similar to that of soybean LOX, which is maximally active at 30 °C36. However, the optimal 
temperature for Osc-LOX was higher than that for other LOXs, such as human 12-LOX37 and Agrocybe aegerita 
LOX438, which show optimal activity at 25 °C. The half-life of the enzyme activity of Osc-LOX was determined 
by measuring the residual activity by taking the enzyme every 30 min while incubating at 30 °C for 360 min. 
As a result, Osc-LOX had a half-life of 240 min (Fig. 1c). The time it took for the enzyme activity of Osc-LOX 
to be decreased in half at the temperature of optimum activity was 1.7 times slower than that of sesame LOX39.

Specific activities and kinetics against PUFAs.  The specific activity and kinetics of fatty acid oxyfunc-
tionalization by Osc-LOX were analyzed using highly purified enzyme and the substrates, AA, EPA and DHA, 
under optimal enzymatic conditions. The Michaelis-Meten plots of each substrates are shown in Supplementary 
Fig. S5. Michaelis–Menten constants (Km), turnover numbers (kcat), catalytic efficiencies (kcat/Km), and specific 
activities of Osc-LOX for different substrates are shown in Table 1. The catalytic efficiency (kcat/Km) of Osc-LOX 
followed the rank order AA (20:4 n-6Δ5,8,11,14) > EPA (20:5 n-3Δ5,8,11,14,17) > DHA (22:6 n-3Δ4,7,10,13,16,19). The specific 
activity of Osc-LOX towards fatty acids was highest for AA, and followed the rank order AA > EPA > DHA. These 
results indicate that Osc-LOX prefers arachidonic acid as a substrate and is an ARA 15-LOX. The specific activity 
of Osc-LOX was 4.5 mmol min−1 mg−1, which is notably higher than that of other bacterial LOXs. For instance, 
the specific activity of Osc-LOX towards AA was 193.1-40 and 7.4-fold41 higher than that of B. thailandensis and 
M. xanthus LOXs, respectively.

Three products generated from DHA by Osc‑LOX.  In the present study, we focused on the analysis 
of metabolites converted from DHA (Fig. 2a) by Osc-LOX because the reaction generated previously unknown 
products. The catalyzed products were identified by NP-, and CP-HPLC analysis.

Three different products were obtained depending on the concentration of Osc-LOX used (50–400 Unit mL−1). 
In NP-HPLC, the first product converted at an Osc-LOX concentration of 50 Unit mL−1 eluted at 5.57 min, which 
matched the retention time of the 17S-HDHA standard (17S-hydroxy-4Z,7Z,10Z,13Z,15E,19Z-docosahexaenoic 
acid) at a λmax of 237 nm (Fig. 2b,d). At 50 Unit mL−1, Osc-LOX completely consumed DHA, but the concentra-
tion of the converted product was 45 μM (conversion rate from DHA, 95%).

Additional conversion products of DHA catalyzed by Osc-LOX at concentrations of 100 to 200 Unit 
mL−1 were detected at 12.3 min at a λmax of 242 nm identical to the resolvin D5 (RvD5; 7S,17S-dihydroxy-
4Z,8E,10Z,13Z,15E,19Z-docosahexaenoic acid) standard (Fig. 2c,e). The first product was converted into the 
second product at a concentration of 100 Unit mL−1, but full conversion was achieved using an Osc-LOX con-
centration of 200 Unit mL−1, which yielded 38 μM RvD5, a conversion rate of 84.5% from the first product 
(Fig. 2f). The concentrations of 17S-HDHA and RvD5 were calculated using commercially available standards.

Surprisingly, at an Osc-LOX concentration of 400 Unit mL−1, we obtained a remarkable peak at 21.56 min at 
a λmax of 237 nm; the final product was obtained at 32 μM, corresponding to a conversion rate of 82.2% from the 
second product (Fig. 2g). The concentration of the final product was determined by reference to a calibration 
curve generated using purified products prepared by preparative HPLC.

Our assumption is that this latter peak is a new type of lipid mediator, as supported by several lines of 
evidence. First, this peak did not overlap with the retention time of any of the resolvin D series standards 
(RvD1-RvD5 and protectin DX; standards spectra not shown). Second, each product was further converted in 
a manner that depended on the enzyme concentration, indicating that the final product was generated from 
the second product (RvD5). Because LOX is known to be an irreversible enzyme42, higher concentrations are 
needed to catalyze monohydroperoxy fatty acids to dihydroperoxy fatty acids. Thus, LOX might lose its activity 
before being able to catalyze the next oxygenation. If the final product was converted from the second product 
(RvD5), one double bond must be eliminated because the final product had singlet peak at a λmax of 237 nm; its 
spectrum indicated that it has one conjugated diene. Lipid mediators have unique absorption spectra reflecting 
their conjugated double bonds.

In addition, the stereo-configuration of products generated from DHA by Osc-LOX were analyzed by CP-
HPLC (OD-H column) and compared with 17S-HDHA, 17R-HDHA and RvD5 standards. The retention times of 
the first product was 9.22 min, which is confirmed as 17S-HDHA. And the retention times of the second product 
was 38 min, which is identical to RvD5 standard. Although the second product did not be compared with the 
stereoisomer, 7R,17S-diHDHA, through CP-HPLC analysis, it has been reported that RvD5 and its stereoisomer 

Table 1.   Specific activity and kinetic parameters of Osc-LOX. a Mean values and standard deviations were 
calculated from three independent experiments.

Substrate Specific activitya (μmol min−1 mg−1) Km (μM)a kcat (min−1)a kcat/Km (min−1 μM−1)a

Arachidonic acid (C20) 4486.6 ± 45.3 68.9 ± 3.5 1178.2 ± 16.6 17.1 ± 0.6

Eicosapentaenoic acid (C20) 4941.7 ± 35.2 67.0 ± 3.6 936.2 ± 27.1 14.0 ± 0.4

Docosahexaenoic acid (C22) 5885.2 ± 61.9 63.9 ± 4.8 834.5 ± 20.9 13.1 ± 0.7
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have different retention times43. The final product stayed on the OD-H column for 82 min and its peak did not 
overlap those for any of the standards, as expected (Supplementary Fig. S6). These results indicate that the first 
and second products of the catalysis of DHA by Osc-LOX also matched the stereo-configuration as well as the 
regio-configuration of 17S-HDHA and 7S,17S-diHDHA (RvD5), further supporting the possibility that the final 
product may be a new type of lipid mediator.

Structure identification of conversion products of DHA by Osc‑LOX.  To identify conversion prod-
ucts, we first confirmed its molecular mass by performing LC–MS analysis in negative mode. The first product 

Figure 2.   NP-HPLC analysis of three products generated from DHA by Osc-LOX enzymatic catalysis. The 
reactions were carried out using 50 mM Tris–HCl buffer (pH 8.0), varying amounts of enzyme 50–400 Units 
mL−1, and substrate 50 μM for 30 min at 30 °C. 25 mM sodium borohydride was used for deoxygenation of 
hydro peroxide products after enzyme reaction. (a) DHA standard eluted at 2.65 min. (b) 17S-HDHA standard 
eluted at 5.57 min. (c) Resolvin D5 standard eluted at 12.3 min. (d) First product (17S-HDHA) was generated 
from DHA by Osc-LOX concentration of 50 Unit mL−1. (e) Second product (RvD5) was generated from 
17S-HDHA by Osc-LOX concentration of 100 Unit mL−1 but not completely converted. (f) When using Osc-
LOX concentration of 200 Unit mL−1, 17S-HDHA was completely converted into RvD5. (g) Final product was 
generated from RvD5 by Osc-LOX concentration of 400 Unit mL−1.



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18849  | https://doi.org/10.1038/s41598-020-76005-5

www.nature.com/scientificreports/

detected had an m/z of 343.2 [M−H−], corresponding to the molecular mass of 17S-HDHA (344.5 Da) (Supple-
mentary Fig. S7a), and the second product had an m/z of 359.2 [M−H−], corresponding to the molecular mass 
of RvD5 (360.5 Da) (Supplementary Fig. S7b). The final product had an m/z of 375.2 [M−H−] (Supplementary 
Fig. S7c), which was identical to tri-hydroxy lipid mediators with six double bonds, such as RvD1 and RvD2, but 
HPLC analysis showed that it did not match previously known resolvin D series compounds. The final product 
was further analyzed by LC–MS/MS. Fragment peaks were detected at m/z values of 113 (235.1, 141) and 265.1 
by cleavage between C6–C7, C14–C15, and C15–C16 positions (Supplementary Fig. S8). This MS/MS analysis 
of the final product suggests that, because the molecular weight of the fragment containing the methyl group 
formed by cleavage between C14 and C15 was detected as an m/z of 141, the final product must reflect removal 
of a double bond with formation of an epoxide group. Thus, the final product should have two hydroxyl groups 
and one epoxide group, based on the total molecular weight or molecular weight of fragments.

The structural configurations of the three products generated from DHA by Osc-LOX were more accu-
rately determined by 1D and 2D NMR spectroscopy. The first and second products were assigned using 1H, 
13C, COSY, TOCSY, Edited-HSQC, and HMBC spectra. The first product was identified as 17S-hydroxy-
4Z,7Z,10Z,13Z,15E,19Z-docosahexaenoic acid (17S-HDHA). Chemical shifts of the C17-OH hydroxyl group 
in the first product were recorded at 4.12 ppm (1H) and 73.99 ppm (13C) (Supplementary Figs. S9 and S10, and 
Table S3a). The second product was identified as 7S,17S-dihydroxy-4Z,8E,10Z,13Z,15E,19Z-docosahexaenoic 
acid (RvD5). The two hydroxyl groups, C7-OH and C17-OH, of the second product were detected as overlap-
ping peaks at 4.13 ppm (1H) and 73.93–73.96 ppm (13C), respectively (Supplementary Figs. S11 and S12, and 
Table S3b). Two of the three products were confirmed to be identical to previously reported chemical structures 
of 17S-HDHA and RvD5 (7S,17S-diHDHA), identified by Dobson44. The specific rotation values of two products 
were 17S-HDHA [α]D + 3.6° (c 0.1, EtOH) and 7S,17S-diHDHA [α]D + 4.9° (c 0.1, EtOH).

The final product was assigned using COSY, TOCSY, NOESY, Edited-HSQC, and HMBC spectra. The struc-
ture of the novel lipid mediator was identified as 7S,15R-dihydroxy-16S,17S-epoxydocosa-4Z,8E,10Z,13Z,19Z-
pentaenoic acid, which has two hydroxyl groups introduced at C7 and C15, with an epoxide group formed 
across C16 and C17. Chemical shifts corresponding to C7-OH, C15-OH, and C16-C17 (epoxide ring) were 
recorded as follows: C7-OH, 4.15 ppm (1H) and 73.71 ppm (13C); C15-OH, 4.23 ppm (1H) and 69.97 ppm (13C); 
C16-epoxide, 2.79 ppm (1H) and 62.79 ppm (13C); C17-epoxide, 2.9 ppm (1H) and 57.42 ppm (13C) (Supple-
mentary Figs. S13–S15, and Table S3c). C7-H and C17-H were identified as the S-form because the precursor 
(RvD5) has a 7S, 17S stereo-configuration. Epoxide ring was determined to be the trans geometry based on the 
coupling constants of J16 and J17, which are 2.4 Hz and 2.2 Hz, respectively. Thus, C16-H was determined to be 
the R-form because C17-H has an S-form configuration. In addition, C15-H was identified as R-form because 
a strong NOE correlation signal was monitored between C17-H confirmed as S-form and C15-H in NOESY 
NMR (Supplementary Fig. S16). Although C15 is closer to C16 than C17, NOE signal was detected very weakly 
between C15-H and C16-H. This result indicates that a hydrogen atom of C15 has an opposite direction to a 
hydrogen atom of C16 hydrogen having an S-form configuration, and has a similar direction as a hydrogen atom 
of C17. The specific rotation value of 7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid was measured 
as [α]D + 2.1° (c 0.1, EtOH).

Ultimately, final product was confirmed as a new type of lipid mediator because it does not match any 
molecules registered in chemical databases. Lipoxygenases classified as ARA15LOX type are known to convert 
intermediate 17S-HDHA into 7S,17S-dihydroxy-docosahexaenoic acid as RvD5 and 10S,17S-dihydroxy-doco-
sahexaenoic acid as PDX45. Here, our study is the first to report the production of new structure lipid mediator 
via RvD5 converted from 17S-HDHA.

Two products converted from 7S,15R‑dihydroxy‑16S,17S‑epoxy‑docosapentaenoic acid.  We 
performed a hydrolysis reaction for epoxide ring-opening on purified 7S,15R-dihydroxy-16S,17S-epoxy-docos-
apentaenoic acid (Fig.  3a) using sodium hydroxide (NaOH). The converted products were confirmed using 
RP-HPLC (C18) and RP-chiral HPLC. RP-HPLC analysis showed that 7S,15R-dihydroxy-16S,17S-epoxy-docos-
apentaenoic acid was completely consumed and converted into two products: a main product with a conversion 
rate of 90% or less (~ 90 μg), and a minor product accounting for 10% (10 μg). The concentration of the minor 
product was determined by reference to a calibration curve prepared using a commercially available resolvin D2 
(RvD2, 7S,16R,17S-trihydroxy docosahexaenoic acid) standard. However, the concentration of the major peak 
was estimated by subtracting the amount of the quantified minor peak from the concentration of the starting 
material because a standard curve could not be generated for the major peak owing to difficulties in purification. 
The retention times of the major and minor products were 6 and 8.8 min, respectively, values that were identical 
to those of the standards (Fig. 3b). These standards correspond to the conversion product of the EH reaction 
and commercially available RvD2 (Fig. 3c,d). In addition, the chirality of a minor product was identified by a 
RP-chiral HPLC (IB column) comparing with RvD2 standards. The retention times of the minor product was 
6.78 min, which are identical to RvD2 standard (Supplementary Fig. S17). EHs have been known to catalyze the 
conversion of an epoxide ring into diol in vivo. However, the base-catalyzed epoxide ring-opening method using 
NaOH could be more cost-effective, and simple than EH enzyme reaction.

Structure identification of two products produced by hydrolysis.  A MS/MS analysis showed that 
the total molecular mass of the major product was represented by a peak at an m/z of 393.2 [M−H−]. This result 
indicates that two hydroxyl groups were generated by epoxide ring-opening, resulting in an 18 Da increased in 
total molecular weight of the major product compared to 7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic 
acid (376.22 Da) owing to addition of two hydrogens (2 Da) and one oxygen (16 Da). The fragments showed 
peaks at m/z values of 113.05, (235.1, 159.1) and 265.1. The two peaks at m/z 159.1 and 235.1 resulted from 
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cleavage between C14 and C15 (Supplementary Fig. S18a). These results provide additional supporting evidence 
that the two hydroxyl groups form by epoxide ring-opening because the molecular weight of the fragment con-
taining the methyl group formed by cleavage between C14 and C15 was detected as an m/z of 159.1. Thus, the 
major product contains four hydroxyl groups. The minor product obtained by hydrolysis of the epoxide ring 
was identified as RvD2 using MS/MS analysis. The total molecular mass of the minor product and the RvD2 
standard (376.5 Da) were identical, with an m/z of 375.2 [M−H−]. Fragmented peaks recorded from the minor 
product yielded precisely the same pattern as the RvD2 standard, with m/z values of 69.02, (113.05, 233.1) and 
247.1 (Supplementary Fig. S18b,c). The specific rotation value of 7S,16R,17S-trihydroxy docosahexaenoic acid 
was [α]D − 14.8° (c 0.05, EtOH).

The chemical structure of the major product converted by epoxide ring-opening was precisely identified 
by NMR analysis using COSY, TOCSY, NOESY, Edited-HSQC, and HMBC methods. The structure of the 
tetrahydroxy fatty acid was identified as 7S,15R,16S,17S-tetrahydroxy-4Z,8E,10Z,13Z,19Z-pentaenoic acid. 
Chemical shifts corresponding to C7-OH, C15-OH, C16-OH, and C17-OH were detected as follows: C7-OH, 
4.14 ppm (13H) and 73.91 ppm (13C); C15-OH, 4.69 ppm (13H) and 68.51 ppm (13C); C16-OH, 3.29 ppm (13H) and 
79.09 ppm (13C); C-17-OH, 3.64 ppm (13H) and 73.68 ppm (13C). (Supplementary Figs. S19–S21, and Table S3d). 

Figure 3.   RP-HPLC analysis of epoxide ring-opened products by sodium hydroxide (NaOH). (a) Purified 
7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid as a precursor. (b) Two products were generated by 
NaOH: main product was 7S,15R,16S,17S-tetrahydroxy docosapentaenoic acid (conversion rate of 90% or less) 
and minor product was RvD2 (conversion rate of 10%). (c) Tetrahydroxy fatty acid was produced by epoxide 
hydrolase (EH; commercially available) to use as a reference. (d) RvD2 standard. The epoxide ring-opening 
reaction was performed with NaOH at 30 °C overnight.
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These results show that chemical shifts of the newly formed two hydroxyl groups at C16 and C17 by ring opening 
were significantly changed compared with 7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid (Supple-
mentary Fig. S22). Stereochemical configuration of C7-OH and C15-OH was determined as the S- and R-form, 
respectively, because the precursor was identified as 7S- and 15R-form. In the NOESY spectrum, NOE correlation 
signal was detected between C15-H and C16-H, and C16-H and C17-H, respectively (Supplementary Fig. S23). 
However, unlike the NOESY NMR result of 7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid, NOE 
signal was not detected between C15 and C17. This result showed that the chirality of carbon 16 was reversed 
when the epoxide ring was opened. The specific rotation value of 7S,15R,16S,17S-tetrahydroxy-pentaenoic acid 
was measured as [α]D − 6.4° (c 0.1, EtOH).

7S,15R,16S,17S-tetrahydroxy-4Z,8E,10Z,13Z,19Z-pentaenoic acid was also identified as a new type of lipid 
mediator because it does not match any molecules registered in chemical databases. We found we could accom-
plish two things at once because 7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid was further converted 
to 7S,15R,16S,17S-tetrahydroxy docosapentaenoic acid and RvD2 by base-promoted epoxide ring-opening. This 
finding is interesting because, although an additional chemical reaction is required, it bypasses the difficulty 
and high cost of preparing an additional enzyme (EH) for converting epoxide into diol; moreover, RvD2 did 
not be converted by EH. To date, RvD2 has been produced only by total synthesis methods, with no reports of 
the efficient production of RvD2 by an in vitro enzymatic reaction. However, total synthesis methods have some 
limitations, including low yield, toxicity of chemicals, and the time-consuming 20-step process required12. The 
combinatorial approach using both enzymatic and chemical reactions described here could be a very attractive 
option for overcoming difficulties in the production of RvD2.

3D structure and molecular docking of the Osc‑LOX.  A 3D structural analysis of the catalytic site of 
the Osc-LOX protein also showed that multiple products could be produced from the DHA substrate. Because 
the 3D structure of the Osc-LOX protein has not yet been elucidated, the binding pose of the DHA substrate 
at the catalytic site was predicted using a 3D structure generated by homology modeling (Figs.  4 and 5). In 
the predicted structure of Osc-LOX, like other LOX proteins, conserved amino acid residues (His253, His258, 
His434, Asn438, and Met571) are known to bind a metal ion, and Ala296 is close to the catalytic site and affects 
the binding pose of the substrate46. Ala296 is known to be an important residue that regulates regioselectivity 
during catalysis of other LOX proteins, an interaction that is explained by the Coffa theory.

In addition, using AutoDock Vina, we were able to calculate the binding energy for each binding pose 
(B, 8.2020 kcal/mol; C, 7.6950 kcal/mol; and D, 6.7720 kcal/mol), which predicts that substrate-enzyme com-
plexes could be readily formed at higher binding energies (Fig. 5). These results indicate that low concen-
trations of Osc-LOX produce an intermediate complex predominantly in the form of the energy-favorable 

Figure 4.   Complex models of lipid mediators and Osc-LOX. Surface model of Osc-LOX was represented 
with the electrostatic surface potential colored as blue (positively charged region) and red (negative charged 
region) with 10 scaled energy kcal/(mole*e) unit. The substrate in the catalytic site of Osc-LOX were shown 
with stick presentation method, colored by cyan (binding pose for 17S-HDHA), green (binding pose for RvD5), 
and magenta (binding pose for 7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid), respectively. Six 
conserved residues in Osc-LOX were colored as yellow including 253His, 258His, 296Ala, 434H, 438N, and 
571Met. And Fe ion was represented as orange sphere in catalytic site. UCSF Chimera 1.11.2 (https​://www.cgl.
ucsf.edu/chime​ra/).

https://www.cgl.ucsf.edu/chimera/
https://www.cgl.ucsf.edu/chimera/
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17S-hydroperoxy-DHA. On the other hand, it suggests that an intermediate complex that produces 7S,17S-
dihydroperoxy-DHA and 7S,15R-dihydroperoxy-16S,17S-epoxy-DPA could be formed as the concentration of 
Osc-LOX increases.

Conversion pathway of DHA into lipid mediators by combinatorial catalysis.  Five types of bio-
active hydroxyl fatty acids have been successfully converted from DHA used as start material via collaboration 
including enzymatic reaction and base promoted epoxide ring-opening. Three lipid mediators were produced 
by Osc-LOX. The conversion rate and purity of 17S-hydroxy-DHA from DHA were 95%, respectively. RvD5 
(7S,17S-dihydroxy-DHA) was generated from 17S-hydroperoxy-DHA with 84.5% conversion rate and its purity 
was 76%. The yield of 7S,15R-dihydroxy-16S,17S-epoxy-DPA produced from 7S,17S-dihydroperoxy-DHA was 
82.2% and the purity was 64%. The yield and purity of two products generated from 7S,15R-dihydroxy-16S,17S-
epoxy-DPA by NaOH were followed: 7S,15R,16S,17S-tetrahydroxy-DPA (< 90% and < 90%); 7S,16R,17S-trihy-
droxy-DHA (10% and 10%). The combinatorial synthetic pathway is depicted in Fig. 6, and all of the lipid media-
tors produced in this study are presented in Supplementary Table S4.

Conclusion
Discovering new lipoxygenases that have not been functionally characterized could be a powerful strategy for the 
production of various lipid mediators that could have high value-added. Thus, we identified a unique lipoxyge-
nase, named Osc-LOX, derived from cyanobacteria. The specific activity against AA was 4.5 mmol min−1 mg−1, 
which is significantly higher compared to mammalian or other bacterial LOXs. DHA was converted into 
three lipid mediators, 17S-HDHA, RvD5, and a new type of 7S,15R-dihydroxy-16S,17S-epoxydocosa-
4Z,8E,10Z,13Z,19Z-pentaenoic acid by enzymatic catalysis. In addition, another new type of 7S,15R,16S,17S-
tetrahydroxy-4Z,8E,10Z,13Z,19Z-pentaenoic acid and RvD2 were converted by base-promoted epoxide ring-
opening reaction from 7S,15R-dihydroxy-16S,17S-epoxy-DPA. This application of such a cost-effective and 
eco-friendly production system could be essential for the commercialization of lipid mediators in the cosmetic 
and pharmaceutical industries.

Figure 5.   Binding poses of substrate in catalytic site of Osc-LOX. (a) Superposed image of potential binding 
poses of substrate in catalytic site of Osc-LOX. (b) Binding pose for 17S-HDHA in catalytic site of Osc-LOX. 
(c) Binding pose for RvD5 in catalytic site of Osc-LOX. (d) Binding pose for 7S,15R-dihydroxy-16S,17S-epoxy-
docosapentaenoic acid in catalytic site of Osc-LOX. Metal ion was represented by orange sphere. The conserved 
amino acids in catalytic site were indicated by yellow sticks, and amino acids of Osc-LOX within 2 Å from each 
substrate were presented by dark gray sticks. UCSF Chimera 1.11.2 (https​://www.cgl.ucsf.edu/chime​ra/).

https://www.cgl.ucsf.edu/chimera/


12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18849  | https://doi.org/10.1038/s41598-020-76005-5

www.nature.com/scientificreports/

Received: 16 April 2020; Accepted: 21 October 2020

References
	 1.	 Serhan, C. N. et al. Resolvins: A family of bioactive products of omega-3 fatty acid transformation circuits initiated by aspirin 

treatment that counter proinflammation signals. J. Exp. Med. 196, 1025–1037 (2002).
	 2.	 Serhan, C. N. Novel lipid mediators and resolution mechanisms in acute inflammation: To resolve or not?. Am. J. Pathol. 177, 

1576–1591 (2010).
	 3.	 Lim, J. Y., Park, C. K. & Hwang, S. W. Biological roles of resolvins and related substances in the resolution of pain. Biomed. Res. 

Int. 2015, 830930 (2015).
	 4.	 Sulciner, M. L. et al. Resolvins suppress tumor growth and enhance cancer therapy. J. Exp. Med. 215, 115–140 (2018).
	 5.	 Conte, M. S., Desai, T. A., Wu, B., Schaller, M. & Werlin, E. Pro-resolving lipid mediators in vascular disease. J. Clin. Investig. 128, 

3727–3735 (2018).
	 6.	 Serhan, C. Pro-resolving lipid mediators are leads for resolution physiology. Nature 510, 92–101 (2014).
	 7.	 Cholkar, K. et al. Interaction studies of RX-10045 (Resolvin E1 Analog) with efflux transportersinteraction studies of RX-10045 

(Resolvin E1 Analog) with efflux transporters. Investig. Ophthalmol. Vis. Sci. 56, 1197 (2015).
	 8.	 Chandrasekharan, J. A. & Sharma-Walia, N. Lipoxins: Nature’s way to resolve inflammation. J. Inflamm. Res. 8, 181 (2015).
	 9.	 Hansen, T. V., Vik, A. & Serhan, C. N. The protectin family of specialized pro-resolving mediators: Potent immunoresolvents 

enabling innovative approaches to target obesity and diabetes. Front. Pharmacol. 9, 1582 (2019).
	10.	 Spite, M., Claria, J. & Serhan, C. Resolvins, specialized proresolving lipid mediators, and their potential roles in metabolic diseases. 

Cell Metab. 19, 21–36 (2013).
	11.	 Ogawa, S. et al. Total synthesis and bioactivity of resolvin E2. Org. Lett. 11, 3602–3605 (2009).
	12.	 Li, J., Leong, M. M., Stewart, A. & Rizzacasa, M. A. Total synthesis of the endogenous inflammation resolving lipid resolvin D2 

using a common lynchpin. Beilstein J. Org. Chem. 9, 2762–2766 (2013).
	13.	 Rodriguez, A. R. & Spur, B. W. Total synthesis of the potent anti-inflammatory lipid mediator Protectin D1. Tetrahedron Lett. 55, 

6011–6015 (2014).
	14.	 Ju, J.-H. et al. Boosting productivity of heterotrophic microalgae by efficient control of the oxygen transfer coefficient using a 

microbubble sparger. Algal Res. 41, 101474 (2019).
	15.	 Cossette, C. et al. Human neutrophils convert the sebum-derived polyunsaturated fatty acid sebaleic acid to a potent granulocyte 

chemoattractant. J. Biol. Chem. 283, 11234–11243 (2008).
	16.	 Ju, J.-H. et al. Regulation of lipid accumulation using nitrogen for microalgae lipid production in Schizochytrium sp. ABC101. 

Renew. Energy 153, 580–587 (2020).
	17.	 Yi, J.-J., Park, K., Kim, W.-J., Rhee, J.-K. & Son, W. S. Spectroscopic methods to analyze drug metabolites. Arch. Pharm. Res. 41, 

355–371 (2018).
	18.	 Delaglio, F. et al. NMRPipe: A multidimensional spectral processing system based on UNIX pipes. J. Biomol. NMR 6, 277–293 

(1995).

Figure 6.   Conversion pathways of DHA into lipid mediators by collaboration with biological and 
chemical reactions. Three products were converted from DHA by Osc-LOX, in which the conversion 
proceeds sequentially in a concentration-dependent manner of the enzyme. Osc-LOX converted DHA 
(1) into 17S-hydroperoxy-docosahexaenoic acid (2), 17S-hydroperoxy-docosahexaenoic acid into 7S,17S-
dihydroperoxy-docosahexaenoic acid (3), and 7S,17S-dihydroperoxy-docosahexaenoic acid into 7S,15R-
dihydroperoxy-16S,17S-epoxy-docosapenta-enoic acid as a precursor, respectively. And then, 17S-HDHA, 
RvD5, and 7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid were converted by deoxygenation using 
sodium borohydride from each corresponded precursor. (4). Two products were generated by sodium hydroxide 
(NaOH): main product was 7S,15R,16S,17S-tetrahydroxy-docosapentaenoic acid (5) and minor product was 
RvD2 (6).



13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18849  | https://doi.org/10.1038/s41598-020-76005-5

www.nature.com/scientificreports/

	19.	 Johnson, B. A. & Blevins, R. A. NMR View: A computer program for the visualization and analysis of NMR data. J. Biomol. NMR 
4, 603–614 (1994).

	20.	 Skrzypczak-Jankun, E., Borbulevych, O. Y. & Jankun, J. Soybean lipoxygenase-3 in complex with 4-nitrocatechol. Acta Crystallogr. 
Sect. D Biol. Crystallogr. 60, 613–615 (2004).

	21.	 Skrzypczak-Jankun, E., Zhou, K., McCabe, N. P., Selman, S. H. & Jankun, J. Structure of curcumin in complex with lipoxygenase 
and its significance in cancer. Int. J. Mol. Med. 12, 17–24 (2003).

	22.	 Roy, A., Kucukural, A. & Zhang, Y. I-TASSER: A unified platform for automated protein structure and function prediction. Nat. 
Protoc. 5, 725 (2010).

	23.	 Yang, J. et al. The I-TASSER Suite: Protein structure and function prediction. Nat. Methods 12, 7 (2015).
	24.	 Šali, A. & Blundell, T. L. Comparative protein modelling by satisfaction of spatial restraints. J. Mol. Biol. 234, 779–815 (1993).
	25.	 Pettersen, E. F. et al. UCSF Chimera—A visualization system for exploratory research and analysis. J. Comput. Chem. 25, 1605–1612 

(2004).
	26.	 Krieger, E., Koraimann, G. & Vriend, G. Increasing the precision of comparative models with YASARA NOVA—A self-parame-

terizing force field. Proteins Struct. Funct. Bioinform. 47, 393–402 (2002).
	27.	 Krieger, E. & Vriend, G. YASARA view—Molecular graphics for all devices—from smartphones to workstations. Bioinformatics 

30, 2981–2982 (2014).
	28.	 Land, H. & Humble, M. S. YASARA: A tool to obtain structural guidance in biocatalytic investigations. In Protein Engineering 

43–67 (Springer, Berlin, 2018).
	29.	 Hanwell, M. D. et al. Avogadro: An advanced semantic chemical editor, visualization, and analysis platform. J. Cheminform. 4, 17 

(2012).
	30.	 Shao, Y. et al. Advances in methods and algorithms in a modern quantum chemistry program package. Phys. Chem. Chem. Phys. 

8, 3172–3191 (2006).
	31.	 Perryman, A. L., Santiago, D. N., Forli, S., Santos-Martins, D. & Olson, A. J. Virtual screening with AutoDock Vina and the com-

mon pharmacophore engine of a low diversity library of fragments and hits against the three allosteric sites of HIV integrase: 
Participation in the SAMPL4 protein–ligand binding challenge. J. Comput. Aided. Mol. Des. 28, 429–441 (2014).

	32.	 Trott, O. & Olson, A. J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient 
optimization, and multithreading. J. Comput. Chem. 31, 455–461 (2010).

	33.	 Salentin, S., Schreiber, S., Haupt, V. J., Adasme, M. F. & Schroeder, M. PLIP: Fully automated protein–ligand interaction profiler. 
Nucleic Acids Res. 43, W443–W447 (2015).

	34.	 Coffa, G. & Brash, A. R. A single active site residue directs oxygenation stereospecificity in lipoxygenases: Stereocontrol is linked 
to the position of oxygenation. Proc. Natl. Acad. Sci. 101, 15579–15584 (2004).

	35.	 Hayward, S., Cilliers, T. & Swart, P. Lipoxygenases: From isolation to application. Compr. Rev. Food Sci. Food Saf. 16, 199–211 
(2017).

	36.	 Karadag, H., Bilgin, R. & Tukel, S. Immobilization of soybean lipoxygenase onto polyacrylamide gel. Biotechnol. Biotechnol. Equip. 
20, 95–100 (2006).

	37.	 Chen, X., Brash, A. R. & Funk, C. D. Purification and characterization of recombinant histidine-tagged human platelet 12-lipoxy-
genase expressed in a baculovirus/insect cell system. Eur. J. Biochem. 214, 845–852 (1993).

	38.	 Karrer, D. & Rühl, M. A new lipoxygenase from the agaric fungus Agrocybe aegerita: Biochemical characterization and kinetic 
properties. PLoS ONE 14, e0218625 (2019).

	39.	 Marvian-Hosseini, Z. & Asoodeh, A. Biochemical characterization of purified lipoxygenase from sesame (Sesamum indicum). Int. 
J. food Prop. 20, S948–S958 (2017).

	40.	 Lee, I. G., An, J. U., Ko, Y. J., Park, J. B. & Oh, D. K. Enzymatic synthesis of new hepoxilins and trioxilins from polyunsaturated 
fatty acids. Green Chem. 21, 3172–3181 (2019).

	41.	 An, J.-U. et al. Biotransformation of polyunsaturated fatty acids to bioactive hepoxilins and trioxilins by microbial enzymes. Nat. 
Commun. 9, 128 (2018).

	42.	 De Carolis, E., Denis, D. & Riendeau, D. Oxidative inactivation of human 5-lipoxygenase in phosphatidylcholine vesicles. Eur. J. 
Biochem. 235, 416–423 (1996).

	43.	 Perry, S. et al. 15-Lipoxygenase-1 biosynthesis of 7S,14S-diHDHA implicates 15-lipoxygenase-2 in biosynthesis of resolvin D5. J. 
Lipid Res. 61, jlr.RA120000777 (2020).

	44.	 Dobson, E. P., Barrow, C. J., Kralovec, J. A. & Adcock, J. L. Controlled formation of mono-and dihydroxy-resolvins from EPA and 
DHA using soybean 15-lipoxygenase. J. Lipid Res. 54, 1439–1447 (2013).

	45.	 Butovich, I. A. A one-step method of 10, 17-dihydro (pero) xydocosahexa-4Z, 7Z, 11E, 13Z, 15E, 19Z-enoic acid synthesis by 
soybean lipoxygenase. J. Lipid Res. 47, 854–863 (2006).

	46.	 Xu, S., Mueser, T. C., Marnett, L. J. & Funk, M. O. Jr. Crystal structure of 12-lipoxygenase catalytic-domain-inhibitor complex 
identifies a substrate-binding channel for catalysis. Structure 20, 1490–1497 (2012).

Acknowledgements
This work was supported by grants from the Korea Research Foundation (KRF) for Basic Research Promotion 
(2017R1A2B4006016) and from the KRIBB Research Initiative Program (KGM5482012). This study also partly 
supported by the GRRC program of Gyeonggi province (GRRC-CHA2017-A01, Discovery and Analysis of 
Regional Specialized Resources and Operation of Regional Research Service Center).

Author contributions
J.-J.Y. performed most experiments including protein expression, enzyme purification, enzyme reaction, and 
reactants purification, and analyzed LC and NMR data. S.-Y.H carried out cloning, enzyme activity, and kinetics 
assay. J.-H.J. conducted LC–MS and MS/MS analysis. B.-R.O. provided advice on the cell cultivation and enzyme 
reaction. W.S.S. carried out homology modeling and molecular docking simulation. J.-J.Y. gathered and organ-
ized the results, and wrote the manuscript. All authors edited the manuscript. W.S.S. and J.-W.S. supervised the 
research.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-76005​-5.

Correspondence and requests for materials should be addressed to W.S.S. or J.-W.S.

https://doi.org/10.1038/s41598-020-76005-5


14

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18849  | https://doi.org/10.1038/s41598-020-76005-5

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Synthesis of two new lipid mediators from docosahexaenoic acid by combinatorial catalysis involving enzymatic and chemical reaction
	Materials and methods
	Materials. 
	Gene cloning. 
	Enzyme over-expression, purification, and measurement of molecular weight. 
	Enzymatic activity assay and thermal stability. 
	Enzyme kinetics measurements. 
	Enzyme reactions for conversion of DHA into bioactive molecules. 
	Base catalyzed hydrolysis for epoxide ring-opening. 
	HPLC analysis for conversion products. 
	LC–MSMS analysis for identification of conversion products. 
	Nuclear magnetic resonance (NMR) spectroscopy. 
	Polarimetric analysis of conversion products. 
	Molecular modeling and substrate docking simulation. 
	Database search. 

	Results and discussion
	Conserved sequence analysis. 
	Preparation of Osc-LOX for enzyme assay and reaction. 
	Optimal conditions for catalysis and thermal stability. 
	Specific activities and kinetics against PUFAs. 
	Three products generated from DHA by Osc-LOX. 
	Structure identification of conversion products of DHA by Osc-LOX. 
	Two products converted from 7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid. 
	Structure identification of two products produced by hydrolysis. 
	3D structure and molecular docking of the Osc-LOX. 
	Conversion pathway of DHA into lipid mediators by combinatorial catalysis. 

	Conclusion
	References
	Acknowledgements


