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Abstract

The oxylipins, 5S,12S-dihydroxy-6E,8Z,10E,14Z-eicosatetraenoic acid (5S,12S-diHETE) and 

5S,15S-dihydroxy-6E,8Z,11Z,13E-eicosatetraenoic acid (5S,15S-diHETE), have been identified in 
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cell exudates and have chemotactic activity toward eosinophils and neutrophils. Their biosynthesis 

has been proposed to occur by sequential oxidations of arachidonic acid (AA) by lipoxygenase 

enzymes, specifically through oxidation of AA by h5-LOX followed by h12-LOX, h15-LOX-1, or 

h15-LOX-2. In this work, h15-LOX-1 demonstrates altered positional specificity when reacting 

with 5S-HETE, producing 90% 5S,12S-diHETE, instead of 5S,15S-diHETE, with kinetics 5-fold 

greater than that of h12-LOX. This is consistent with previous work in which h15-LOX-1 reacts 

with 7S-HDHA, producing the noncanonical, DHA-derived, specialized pro-resolving mediator, 

7S,14S-diHDHA. It is also determined that oxygenation of 5S-HETE by h15-LOX-2 produces 

5S,15S-diHETE and its biosynthetic kcat/KM flux is 2-fold greater than that of h15-LOX-1, 

suggesting that h15-LOX-2 may have a greater role in lipoxin biosynthesis than previously 

thought. In addition, it is shown that oxygenation of 12S-HETE and 15S-HETE by h5-LOX is 

kinetically slow, suggesting that the first step in the in vitro biosynthesis of both 5S,12S-diHETE 

and 5S,15S-diHETE is the production of 5S-HETE.

The process of inflammation plays an important role in tissue homeostasis and is tightly 

regulated through the balance of pro-inflammatory and pro-resolving signals. In the initial 

stage of inflammation, damaged tissues produce pro-inflammatory signaling molecules, such 

as leukotrienes, that recruit neutrophils and macrophages to sites of injury.1 During the 

resolution stage of inflammation, cells generate specialized pro-resolving mediators (SPMs), 

such as the lipoxins,2 which limit inflammation by antagonizing leukotriene-mediated pro-

inflammatory processes3–5 and enhancing phagocytosis of apoptotic neutrophils by 

macrophages.6 Without proper resolution, chronic inflammation can contribute to a variety 

of diseases, such as diabetes and cancer, to name a few.7–9

Lipoxins and leukotrienes are oxylipins produced by lipoxygenase-catalyzed oxygenation of 

arachidonic acid (AA).10 Lipoxygenases are non-heme iron enzymes that catalyze the 

stereospecific hydroperoxidation of AA, and other polyunsaturated fatty acids (PUFAs).11

Humans have one 12S-LOX isozyme and two 15S-LOX isozymes (Table 1). Human platelet 

12-lipoxygenase (h12-LOX or ALOX12) is expressed in platelets and pancreatic islets of 

Langerhans;12 human reticulocyte 15-lipoxygenase-1 (h15-LOX-1 or ALOX15) is expressed 

in reticulocytes and macrophages,13,14 and human epithelial 15-lipoxygenase-2 (h15-LOX-2 

or ALOX15B) is expressed in macrophages, neutrophils, epithelium, and prostate tissue.
15–17 When reacting with AA, h12-LOX produces only 12S-hydroperoxy-5Z,8Z,10E,14Z-

eicosatetraenoic acid (12S-HpETE), h15-LOX-1 produces mostly 15S-

hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15S-HpETE), along with a minor 

amount of 12S-HpETE, while h15-LOX-2 produces only 15S-HpETE.18 These LOX 

isozymes are also postulated to oxygenate 5S-HpETE to produce 5S,12S-6E,8Z,10E,14Z-

dihydroxyeicosatetraenoic acid (5S,12S-diHpETE)19–21 and 5S,15S-

dihydroperoxy-6E,8Z,11Z,13E-eicosatetraenoic acid (5S,15S-diHpETE),22 which are 

reduced in the cell and are the focus of this work (Figure 1).

Lipoxin production requires a hydroperoxide precursor that is dehydrated to form an 

epoxide. Formation of lipoxin A4 (LXA4) requires a hydroperoxide at C5, while formation 

of lipoxin B4 (LXB4) requires a hydroperoxide at C15. 5S,15S-diHpETE can serve as an 

intermediate in the biosynthesis of both LXA4 and LXB4 because it contains hydroperoxides 
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at both C5 and C15 and can be converted to an epoxide by either h12-LOX or h15-

LOX-1.23–26 5S,15S-diHETE, the form of 5S,15S-diHpETE reduced by glutathione 

peroxidase, is found in macrophages and PMNs,24,27 and its concentration is elevated in 

PMNs isolated from patients with asthma28 and rheumatoid arthritis.29 5S,15S-diHETE 

functions as an eosinophil chemoattractant,30 potentiates neutrophil degranulation,31 and 

inhibits platelet aggregation.23 5S,15S-diHpETE is proposed to be formed by two 

lipoxygenase-catalyzed dioxygenation reactions and can be produced from either 5S-HpETE 

or 15S-HpETE, as the starting reagent.22,24,32–34 It was postulated that h5-LOX and an h15-

LOX isozyme can carry out this biosynthesis; however, the order of the reaction and the 

relative efficiency of these two pathways have not been examined in vitro.

5S,12S-diHETE is an isomer of leukotriene B4 (LTB4) and appears to be biosynthesized in a 

manner similar to that of 5S,15S-diHETE, through sequential LOX oxygenations, followed 

by reduction. It is produced by both platelets and neutrophils34–36 and manifests at elevated 

levels in patients with psoriasis.37 5S,12S-diHETE can be produced at larger amounts than 

LTB4 in cells38 but has lower chemotactic activity toward PMNs compared to LTB4.39–41 On 

the basis of cell studies, 5S,12S-diHETE is proposed to be formed through two sequential 

lipoxygenase-catalyzed oxygenations,19–21 with either h5-LOX reacting with 12S-HETE or 

h12-LOX reacting with 5S-HETE,19,20,42 followed by reduction. However, the relative 

efficiency of these two pathways is unknown, and there has been no investigation into a 

possible role of h15-LOX-1 in the formation of 5S,12S-diHETE, although it is 

biosynthetically feasible due to its ability to oxidize at the C12 position (vide supra).

In general, it is postulated that AA binds to the active site of both h12-LOX43 and h15-

LOX-1,44 methyl-end first, with amino acid residues, 417 and 418, defining the bottom of 

the pocket for both LOXs.45,46 If the volumes of these two residues are enlarged by 

mutagenesis in h12-LOX, the percentage of 15S-HpETE production increases due to 

shallower positioning of AA into the active site.43,47 If the volumes of these two residues are 

decreased by mutagenesis in h15-LOX-1, the percentage of 12-HpETE production increases 

due to the deeper positioning of AA into the active site.48 This binding model for both h12-

LOX and h15-LOX-1 is termed the “volume hypothesis”, where the depth of penetration of 

the fatty acid [i.e., AA or docosahexaenoic acid (DHA)] defines the position of the 

abstracted hydrogen atom and subsequently the position of oxygenation. However, if the 

substrate is the oxylipin of DHA, 7S-hydroperoxydocosahexaenoic acid (7S-HpDHA), this 

“volume” binding model is not maintained49 and h15-LOX-1 has altered positional 

specificity.50 Upon reaction with DHA, h15-LOX-1 primarily abstracts a hydrogen atom 

from the ω−8 carbon (C15) and oxygenates C17; however, upon reaction with 7S-HpDHA, 

h15-LOX-1 abstracts primarily from the ω−11 carbon (C12) and oxygenates on C14.

This shift in product profile raises questions about the role of h15-LOX-1 in the biosynthesis 

of 5S,12S-diHpETE and 5S,15S-diHpETE. If 5S-HpETE binds in a manner similar to that 

of 7S-HpDHA, then the presumed biosynthetic pathways of 5S,12S-diHpETE and 5S,15S-

diHpETE could be redefined. In addition, the contribution of h15-LOX-2 to the formation of 

lipoxin intermediates has been largely overlooked because it reacts more slowly with AA 

compared to h15-LOX-1 and was initially thought to have limited tissue expression.15 More 

recent studies indicate that h15-LOX-2 reacts as well with 7S-HpDHA, producing >98% of 
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7S,17S-diHpDHA,50 and is expressed in primary macrophages at levels higher than those of 

both h15-LOX-1 and h12-LOX,17,51 suggesting a possible greater role for h15-LOX-2 in the 

biosynthesis of resolvin D5 (RvD5 or 7S,17S-diHDHA).

In this work, we have determined that the positional specificity of h15-LOX-1 and h15-

LOX-2 with 7S-HpDHA does extend to the analogous AA-derived oxylipin, 5S-HpETE. In 

addition, we have measured the relative rates of h5-LOX, h12-LOX, h15-LOX-1, and h15-

LOX-2 in the in vitro biosynthesis of 5S,15S-diHpETE and 5S,12S-diHpETE and have 

proposed possible in vivo biosynthetic pathways that could have implications for the 

therapeutic effect of LOX isozyme inhibition.

METHODS

Expression and Purification of h15-LOX-1, h15-LOX-2, h12-LOX, and h5-LOX.

Overexpression and purification of wild-type (wt) h15-LOX-1 (Uniprot entry P16050), h12-

LOX (Uniprot entry P18054), h5-LOX (Uniprot entry P09917), and h15-LOX-2 (Uniprot 

entry O15296) were performed as previously described.52–54 The purity of h15-LOX-1, h15-

LOX-2, and h12-LOX was assessed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) to be >90%. The metal content was assessed on a Finnigan 

inductively coupled plasma mass spectrometer (ICP-MS), via comparison with an iron 

standard solution. Cobalt-EDTA was used as an internal standard. The wt h5-LOX used in 

the kinetics of this work was not purified due to a dramatic loss of activity and was prepared 

as an ammonium sulfate precipitate. The amount of h5-LOX contained in the ammonium 

sulfate pellet was estimated to be approximately 1% of total protein by comparing values 

obtained by a Bradford assay and quantitative SDS-PAGE using a His-tagged purified Stable 

h5-LOX mutant as a positive control (Figure S1). The stable h5-LOX mutant was expressed 

in Rosetta 2 cells (Novagen) transformed with the pET14b-Stable-h5-LOX plasmid (a gift 

from M. Newcomer of Louisiana State University, Baton Rouge, LA), grown in Terrific 

Broth containing 34 μg mL−1 chloramphenicol and 100 μg mL−1 ampicillin at 37 °C for 3.5 

h, and then held at 20 °C for an additional 26 h. Cells were pelleted and resuspended in 50 

mM Tris (pH 8.0), 500 mM NaCl, 20 mM imidazole with 1 μM Pepstatin, 100 μM PMSF, 

and DNaseI (2 Kunitz/g) (Sigma). The cells were lysed in a French pressure cell and 

centrifuged at 40000g for 20 min. The cell lysate was applied to a Ni(II)-IDA Sepharose 

column and eluted with 50 mM Tris (pH 8.0), 500 mM NaCl, and 200 mM imidazole. The 

final product was stored at −80 °C with 10% glycerol. The kcat and kcat/KM values 

determined for our ammonium sulfate-precipitated h5-LOX are similar to values seen from 

the purified stable h5-LOX mutant55 when accounting for addition of ATP to buffers in this 

work, which induces a 5-fold increase in h5-LOX activity.56 Due to the difficulty 

determining the iron content of crude ammonium sulfate-precipitated extracted enzyme, the 

metalation of h5-LOX was assumed to be 100%, indicating that the estimated kinetic 

parameters presented in this work are lower limits.

Production and Isolation of Oxylipins.

5(S)-Hydroperoxyeicosatetraenoic acid (5S-HpETE) was synthesized by the reaction of AA 

(40 μM) with ~200 mg of ammonium sulfate-precipitated h5-LOX. The reaction was carried 
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out for 1 h in 1000 mL of 25 mM HEPES (pH 7.5) containing 50 mM NaCl, 100 μM EDTA, 

and 200 μM ATP. The reaction was quenched with 0.5% glacial acetic acid, and the mixture 

was extracted three times with ⅓ volume of dichloromethane and evaporated to dryness 

under nitrogen. The products were purified isocratically via high performance liquid 

chromatography (HPLC) on a Higgins Haisil Semipreparative (5 μm, 250 mm × 10 mm) 

C18 column with a 50:50 ratio of 99.9% acetonitrile with 0.1% acetic acid and 99.9% water 

with 0.1% acetic acid. The isolated products were assessed to be >95% pure by LC-MS/MS. 

5(S)-Hydroxyeicosatetraenoic acid (5S-HETE) was synthesized the same as for 5S-HpETE; 

however, trimethylphosphite was added as a reductant prior to HPLC. 12S-HpETE was 

synthesized by reaction of AA (25–50 μM) with h12-LOX and was run for 30 min in 500 

mL of 25 mM HEPES (pH 8.0). 15(S)-Hydroperoxyeicosatetraenoic acid (15S-HpETE) was 

synthesized by reaction of AA (25–50 μM) with soybean 15-LOX and was run for 30 min in 

500 mL of 50 mM sodium borate (pH 9.0). 15(S)-Hydroxyeicosatetraenoic acid (15S-

HETE) and 12(S)-hydroxyeicosatetraenoic acid (12S-HETE) were synthesized the same as 

for 15S-HpETE and 12S-HpETE, but with trimethylphosphite added as a reductant prior to 

HPLC. The products were extracted and purified isocratically via HPLC, as described above 

for 5S-HpETE.

Steady-State Kinetics of h5LOX, h12-LOX, h15-LOX-1, and h15-LOX-2.

Steady-state kinetic reactions were performed at ambient temperature (25 °C) in a 1 cm path 

length quartz cuvette and monitored on a PerkinElmer Lambda 45 ultraviolet-visible (UV/

Vis) spectrophotometer. Reaction mixtures contained 2 mL of either 25 mM HEPES (pH 

7.5) (h15-LOX-1 and h15-LOX-2), 25 mM HEPES, (pH 8.0) (h12-LOX), or 25 mM HEPES 

(pH 7.5), 50 mM NaCl, 100 μM EDTA, and 200 μM ATP (h5-LOX). Substrate 

concentrations were varied from 0.25 to 10 μM for AA or from 0.5 to 40 μM for 5S-HETE 

and 5S-HpETE. Reactions were initiated by the addition of either h5-LOX (~300–900 nM 

final concentrations), h12-LOX (~300–900 nM final concentrations), h15-LOX-1 (~200–600 

nM final concentrations), or h15-LOX-2 (~300–700 nM final concentrations) and monitored 

on a PerkinElmer Lambda 45 UV/Vis spectrophotometer. Product formation was determined 

by the increase in absorbance at 234 nm for 5S-HETE (ε234 = 27000 M−1 cm−1), 270 nm for 

5S,12S-diHETE (ε270 = 40000 M−1 cm−1), and 254 nm for 5S,15S-diHETE (ε254 = 21500 

M−1 cm−1).24 It should be noted that 5S,15S-diHDHA has an absorbance maximum of 245 

nm; however, due to overlap with the substrate peak at 234 nm, formation of this product 

was measured at 254 nm using an extinction coefficient of 21900 M−1 cm−1 to isolate it 

from the substrate absorption band.57 KaleidaGraph (Synergy) was used to fit kcat and kcat/

KM to the Michaelis-Menten equation for the calculation of kinetic parameters.

Product Analysis of Reactions of LOX with AA, 5S-HETE, and 5S-HpETE.

Reactions were carried out with stirring at ambient temperature in the buffers indicated 

above. Reaction mixtures with AA contained 10 μM substrate and a final concentration of 

either h5-LOX (~300 nM), h12-LOX (~300 nM), h15-LOX-1 (~200 nM), or h15-LOX-2 

(~350 nM). Those with 5S-HETE and 5S-HpETE contained 10 μM substrate and a final 

concentration of either h12-LOX (950 nM), h15-LOX-1 (550 nM), or h15-LOX-2 (700 nM). 

Reaction mixtures with 15S-HETE and 15S-HpETE, 12S-HETE, and 12S-HpETE contained 

20 μM substrate and 1100 nM h5-LOX. Reactions were monitored via an UV/Vis 
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spectrophotometer and quenched at 50% turnover with 0.5% glacial acetic acid. Each 

quenched reaction mixture was extracted with DCM and reduced with trimethylphosphite. 

The samples were then evaporated under a stream of nitrogen to dryness and reconstituted in 

50 μL of a 90% acetonitrile/10% water mixture containing 0.1% formic acid and 3 μM 13-

HODE as an internal standard. Control reactions without enzymes were also conducted and 

used for background subtraction, ensuring oxylipin degradation products were removed from 

analysis. Reactions were analyzed via LC-MS/MS using a Synergi 4 μm Hydro-RP 80 Å 

C18 LC column with a polar end cap (150 mm × 2 mm). Mobile phase solvent A consisted 

of 99.9% water and 0.1% formic acid, and solvent B consisted of 99.9% acetonitrile and 

0.1% formic acid. Analysis was carried out over 60 min using an isocratic 50:50 A:B system 

for 0–30 min followed by a gradient from 50:50 A:B to 75:25 A:B, from 30 to 60 min. The 

chromatography system was coupled to a Thermo-Electron LTQ LC-MS/MS instrument for 

mass analysis. All analyses were performed in negative ionization mode at the normal 

resolution setting. MS2 was performed in a targeted manner with a mass list containing the 

following m/z ratios: 319.4 ± 0.5 (HETEs), 335.4 ± 0.5 (diHETEs), and 351.4 ± 0.5 

(triHETEs). Products were identified by matching retention times and fragmentation patterns 

to those of known standards, or in the cases in which MS standards were not available, 

structures were deduced from comparison with known and theoretical fragments. It should 

be noted that the rates of product formation as seen by UV detection mirrored the area of the 

products detected by MS, with only trace amounts of unidentified products. MS/MS 

fragments used to identify 5,12-diHETE included m/z 317, 299, 273, 203, 195, and 141. 

MS/MS fragments used to identify 5,12-diHETE included m/z 317, 299, 273, 235, 177, and 

163.

Chiral Chromatography.

5S,12S-diHETE and 5S,15S-diHETE were synthesized and isolated via HPLC as described 

above. Purified 5S,12S-diHETE and 5S,15S-diHETE were analyzed via LC-MS/MS using a 

Chirapak AD-RH 2.1 mm × 150 mm, 5 μm chiral column coupled to a Thermo electron LTQ 

instrument. Retention times and fragmentations were compared to those of 5S,12S-diHETE, 

5S,15S-diHETE, LTB4, and 6-trans-12-epi-LTB4 standards purchased from Cayman 

Chemicals (Ann Arbor, MI). Analysis was carried out using a gradient from 40:60 to 70:30 

A:B, over 25 min. Mobile phase solvent A consisted of 99.9% acetonitrile and 0.1% formic 

acid, and solvent B consisted of 99.9% water and 0.1% formic acid. MS/MS conditions were 

the same as described above. The standards were purchased from Cayman Chemicals.

Molecular Modeling.

A structure of h15-LOX-1 (ALOX15) is not available in the Protein Data Bank (PDB). 

Therefore, we constructed a homology model of h15-LOX-1 from its sequence (Uniprot 

entry P16050) using the substrate mimetic inhibitor-bound, high-resolution structure of 

porcine 12-LOX (PDB entry 3rde). The h15-LOX-1 sequence is 86% identical to the porcine 

12-LOX sequence, with both being considered ALOX15 genes. The homology model was 

constructed using Prime (version 5.4, Schrodinger Inc.). During the modeling step, we 

retained the co-crystallized inhibitor, metal ion (Fe3+), and a hydroxide ion that coordinated 

the metal ion from the homologue structure. The model was subsequently energy minimized 

using the Protein Preparation Wizard module of Maestro (version 11.8, Schrodinger Inc.). 

Perry et al. Page 6

Biochemistry. Author manuscript; available in PMC 2021 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



During this step, hydrogen atoms were added to the protein, co-crystallized ligand, and the 

hydroxide ion. Hydrogen atoms of the titratable residues were adjusted, and side chains 

optimized so they could make better hydrogen bonding interactions. The structure was 

finally minimized such that the heavy atoms did not move beyond 0.3 Å from their starting 

positions. Oxylipins were modeled using the Edit/Build panel of Maestro; their energy was 

minimized using LigPrep software (Schrodinger Suite 2018–4, Schrodinger Inc.), and they 

were docked to the h15-LOX-1 model using the docking software Glide (version 8.1, 

Schrodinger Inc.) with the extra-precision (XP) docking score. We used the co-crystallized 

ligand coordinates to define the binding pocket. During the ligand docking step, the protein 

was initially kept rigid, but despite extensive ligand conformation sampling, no low-energy 

docking pose was identified for the ligands. Therefore, we used InducedFit docking 

(Schrodinger Inc.), in which residues in the active site of the protein and ligand are treated 

flexibly, with docking and side chain optimization steps being iterated until a converged 

low-energy docking pose was obtained.

Oxylipin Titration into Human Platelets.

The University of Michigan Institutional Review Board approved all research involving 

human volunteers. Washed platelets were isolated from human whole blood via serial 

centrifugation and adjusted to 3.0 × 108 platelets/mL in Tyrode’s buffer (10 mM HEPES, 12 

mM NaHCO3, 127 mM NaCl, 5 mM KCl, 0.5 mM NaH2PO4, 1 mM MgCl2, and 5 mM 

glucose), as previously published.58 Platelets (250 μL at a density of 3.0 × 108 platelets/mL) 

were dispensed into glass cuvettes and incubated with the indicated 5S-HETE at 1, 10, and 

15 μM for 10 min at 37 °C. Oxylipin-treated platelets were stimulated with 0.25 μg/mL 

collagen (Chrono-log), under stirring conditions (1100 rpm) at 37 °C, in a Chrono-log model 

700D lumi-aggregometer, and platelet aggregation was recorded for 6 min.

To determine if 5S-HETE was enzymatically converted to another chemical ex vivo, 1 mL of 

platelets (1.0 × 109 platelets/mL) was incubated with 10 μM 5S-HETE or vehicle (DMSO) 

for 10 min at 37 °C and then pelleted by centrifugation at 1000g for 2 min. The supernatant 

was transferred to a fresh tube and snap-frozen. Oxylipins were extracted and analyzed via 

LC-MS/MS, as described previously.9 The m/z transitions for 5S-HETE, 5S,12S-diHETE, 

and 5S,15S-diHETE were 319.4 → 205.4, 335.4 → 195.4, and 351.4 → 235.4, respectively.

RESULTS

Biosynthesis of 5S,15S-diHpETE.

The two pathways by which 5S,15S-diHpETE might be synthesized depend on the order of 

the LOX isozyme reaction (Scheme 1, pathways 1 and 2). These two pathways were 

therefore investigated to compare the relative ability of h5-LOX, h15-LOX-1, and h15-

LOX-2 to form the pathway intermediates in vitro.

Pathway 1: AA and h15-LOX-1 or h15-LOX-2 to 15S-HpETE, and Then h5-LOX to 5S,15S-
diHpETE (Scheme 1).

The first possible route that may contribute to the formation of 5S,15S-diHpETE involves 

oxidation of AA by h15-LOX-1 or h15-LOX-2 to form 15S-HpETE. Therefore, the steady-
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state kinetics and product profiles were previously measured; h15-LOX-1 was found to have 

a kcat with AA of 10 s−1, while the kcat/KM was s−1 2.1 μM−1 (Table 2).50 The major product 

of the reaction was 15S-HpETE (84%), with 12S-HpETE comprising the remaining 16% 

(Table 3), as previously observed.47 The kcat for AA with h15-LOX-2 was measured to be 

0.96 s−1, while the kcat/KM was found to be 0.19 s−1 μM−1 (Table 2).50 The reaction of h15-

LOX-2 with AA produced 100% 15S-HpETE, as previously observed.15,18 Multiplying the 

kcat/KM values by product percentages allows calculation of the biosynthetic flux. 

Comparing these biosynthetic flux data indicates that h15-LOX-1 (2.1 s−1 μM−1 × 0.84 = 

1.8) is 10-fold more efficient than h15-LOX-2 (0.19 s−1 μM−1 × 1 = 0.19) in producing 15S-

HpETE (Table 4).

The 15S-HpETE formed by h15-LOX-1 or h15-LOX-2 can then react with h5-LOX to form 

5S,15S-diHpETE. The ability of h5-LOX to carry out this reaction was assessed using UV-

vis spectroscopy, but no reaction was observed at either 234, 270, or 302 nm. However, upon 

analysis of multiple time points with LC-MS/MS, a small amount of product was observed 

from both 15S-HETE and 15S-HpETE, consisting entirely of 5S,15S-diHpETE. Although 

kcat and KM values could not be obtained for these reactions due to their slow rates, the V10 

values for 15S-HETE and 15S-HpETE were determined to be 0.0013 and 0.002 mol s−1 mol
−1 at 10 μM substrate, respectively (Table 5). Compared with the rate of h5-LOX with AA at 

10 μM, these values for 15S-HETE and 15S-HpETE catalysis with h5-LOX are 130- and 85-

fold slower, respectively.

Pathway 2: AA and h5-LOX to 5S-HpETE, Then h15-LOX-1, h15-LOX-2, or h12-LOX to 
5S,15S-diHpETE (Scheme 1).

The second route of formation of 5S,15S-diHpETE begins with the oxidation of AA by h5-

LOX to form 5S-HpETE. The kinetics and product profile of this reaction determined a k of 

1.2 s−1 cat and a kcat/KM of 0.35 s−1 μM−1 (Table 2) and produced 98% 5S-HpETE and its 

5,6-epoxide (Table 3), with trace amounts of other oxylipins. These values are consistent 

with those obtained from a purified stable h5-LOX mutant55 when accounting for addition 

of ATP to buffers in this work, which induces a 5-fold increase in h5-LOX activity.56 It 

should be noted that these values are from protein estimates of the crude preparation 

utilizing a SDS-PAGE assay, and its iron occupancy was assumed to be 100%.

5S-HpETE generated by h5-LOX can further react with a h15-LOX isozyme to form 

5S,15S-diHpETE. The kcat of 5S-HpETE with h15-LOX-1 was 1.8 s−1, and the kcat/KM was 

0.23 s−1 μM−1 (Table 2). The major product of the reaction was 5S,12S-diHpETE (61% of 

the total), with 5S,15S-diHpETE comprising only 39% (Table 3). The kcat of 5S-HETE with 

h15-LOX-1 was 1.1 s−1, and the kcat/KM was 0.23 s−1 μM−1 (Table 2); however, the majority 

of the product produced was 5S,12S-diHpETE (86% of the total), with 5S,15S-diHpETE 

comprising only 14% (Table 3). This unusual result was previously observed in the reaction 

of h15-LOX-1 with 7S-HpDHA to produce the noncanonical ω−9 product, 7S,14S-

diHpDHA.50 In contrast, h15-LOX-2 and 5S-HETE displayed a k of 2.1 s−1 cat and a kcat/

KM of 0.072 s−1 μM−1 (Table 2), producing only the canonical product, 5S,15S-diHpETE. 

The biosynthetic flux values of these two reactions indicate that h15-LOX-2 (0.072 s−1 μM
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−1 × 1 = 0.072) is more efficient than h15-LOX-1 (0.23 s−1 μM−1 × 0.14 = 0.032) in 

producing 5S,15S-HpETE (Table 4).

Biosynthesis of 5S,12S-diHETE.

In addition to identification of 5S,15S-diHETE in biological samples, 5S,12S-diHETE has 

also been observed,34–36 indicating its biological importance. Therefore, each of the two 

possible biosynthetic routes of the oxidized form, 5S,12S-diHpETE (Scheme 1, pathways 3 

and 4), was investigated to compare their relative efficiency in vitro.

Pathway 3: AA and h12-LOX or h15-LOX-1 to 12S-HpETE, Then h5-LOX to 5S,12S-diHpETE 
(Scheme 1).

The first possible route for generating 5S,12S-diHpETE begins when h12-LOX oxidizes AA 

to form 12S-HpETE. The kcat for AA with h12-LOX was shown to be 9.7 s−1; the kcat/KM 

was found to be 5.8 s−1 μM−1 (Table 2),50 and the reaction produced 100% 12S-HpETE 

(Table 3), consistent with previously published values.59 Along with h12-LOX, h15-LOX-1 

also contributes to the formation of 12S-HpETE, producing 14% 12S-HpETE and 86% 15S-

HpETE, with a kcat of 10 s−1 and a kcat/KM of 2.1 s−1 μM−1 (Table 2), similar to previous 

work.47,60,61 Multiplying their kcat/KM values by their product percentages results in 

biosynthetic flux values of 5.8 for h12-LOX and 0.34 for h15-LOX-1, indicating that h12-

LOX is a 16-fold more efficient in producing 12S-HpETE than h15-LOX-1 (Table 4).

Once 12S-HpETE is produced by h12-LOX or h15-LOX-1, it may react further with h5-

LOX to form 5S,12S-diHpETE. The ability of h5-LOX to carry out this reaction was 

investigated; however, no reaction was observed at either 234, 270, or 302 nm, using UV-vis 

spectroscopy. The more sensitive LC-MS/MS method (vide supra) detected small amounts 

of only 5S,12S-diHpETE from 12S-HETE and 12s-HpETE with V10 values of 0.0005 and 

0.003 mol s−1 mol−1, respectively (Table 5). Compared with that of AA, the values for 12S-

HETE and 12S-HpETE reactivity are 340- and 57-fold slower, respectively.

Pathway 4: AA and h5-LOX to 5S-HpETE, Then h12-LOX and h15-LOX-1 to 5S,12S-diHpETE 
(Scheme 1).

As reported above, the reaction of h5-LOX and AA was found to have a kcat of 1.2 s−1 and a 

kcat/KM of 0.35 s1 μM−1 cat, with the major product of the reaction being 5S-HpETE, which 

can subsequently be a substrate for h12-LOX. Investigating the kinetic and product profile of 

h12-LOX reacting with 5S-HpETE revealed that 87% of the product made was 5S,12S-

diHpETE, while 13% was 5S,15S-diHpETE (Table 3). The kcat of h12-LOX with 5S-HETE 

was 0.088 s−1, and the kcat/KM was 0.051 s−1 μM−1, which are 110- and 114-fold slower 

than with AA, respectively (Table 2). In comparing the biosynthetic flux values of h12-LOX 

and h15-LOX-1, we found h12-LOX to have a flux 5-fold lower than that of h15-LOX-1 in 

producing 5S,12S-diHpETE (0.051 s−1 μM−1 × 0.87 = 0.044 and 0.23 s−1 μM−1 × 0.85 = 

0.20 s−1 μM−1, respectively) (Table 4). This dramatic decrease in the catalytic activity of 

h12-LOX with 5S-HpETE indicates that h15-LOX-1 may be involved in a novel biosynthetic 

pathway for producing 5S,12S-diHpETE.
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Chiral Chromatography.

When reacting with polyunsaturated fatty acids (PUFAs), h5-LOX, h12-LOX, h15-LOX-1, 

and h15-LOX-2 produce an S-configured hydroperoxide with an E,Z-conjugated double 

bond.62,63 Therefore, it was assumed that the doubly oxygenated products of the work 

presented here, 5S,12S-diHpETE and 5S,15S-diHpETE, had similar regio- and 

stereospecificity, as previously seen with the 7S-HpDHA LOX products.50 This assumption 

was confirmed when 5S,12S-diHpETE and 5S,15S-diHpETE were analyzed via LC-MS/MS 

using a reverse-phase chiral C18 column, demonstrating retention times and fragmentations 

identical to those of known standards (Figures S2–S4). As controls, an LTB4 standard eluted 

at 6.6 min, while a 6-trans-12-epi-LTB4 standard eluted at 11.6 min, demonstrating adequate 

separation of these isomers.

To assess adequate separation of 5R,12S-diHpETE from 5S,12S-diHpETE, h15-LOX-1 was 

reacted with both 5R-HETE and 5S-HETE and reduced to the alcohol, resulting in two 

peaks with retention times of 4.2 and 5.5 min, respectively. Similarly, adequate separation of 

5R,15S-diHETE from 5S,15S-diHETE was assessed by reacting h15-LOX-2 with both 5R-

HETE and 5S-HETE, resulting in two peaks with retention times of 17.5 and 27.8 min, 

respectively (Figures S3 and S4).

To further differentiate the double bond geometry of the various products, the UV spectra of 

the products were compared to those of known standards. The 5,12-diHETE isomers contain 

a central peak at ~270 nm, flanked by a shoulder at ~260 nm that is of greater intensity than 

the shoulder at ~280 nm, indicating an EZE configuration.64 Parenthetically, products with 

EEZ double bond geometry contain shoulders at ~260 and ~280 nm with approximately 

equal intensity; however, products with EEE geometry have a shoulder with slightly higher 

intensity at 280 nm compared to that at 260 nm.65–67

Finally, it was confirmed that the products were the diHpETE products by two methods. 

First, enzymatic products were still observed when the substrate was 5-HETE. An epoxide 

can be formed only by reacting 5-HpETE with LOX, so the fact that product is formed with 

5-HETE is consistent with oxygenation on C12 or C15, depending on the LOX used. 

Second, the product from 5-HETE was extracted with and without a reductant, and a shift in 

retention times was observed. This is due to the fact that the hydroperoxide and alcohol have 

distinct retention times during HPLC, so when the reductant reduces the hydroperoxide to 

the alcohol, a shift in the retention time is observed. If the products were from hydrolysis of 

the epoxide, then no hydroperoxide would be formed and thus no shift in retention time 

would be observed.

5S-HETE Docking to h15-LOX-1 and h15-LOX-2.

5S-HETE was docked against the active site of h15-LOX-1 and h15-LOX-2 (Figure 2), 

which demonstrated a methyl-end first U-shaped binding mode in both proteins. The 

carboxylate group of 5S-HETE makes a hydrogen bond with the Gln595 residue of h15-

LOX-1, and the hydroxyl group makes a hydrogen bond with the backbone carbonyl oxygen 

atom of the Ile399 residue (Figure 2A). The hydrophobic tail of 5S-HETE is buried deep in 

the hydrophobic pocket created by Phe352, Ile417, and Ile592. This docking mode is 
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consistent with our previous docking pose with 7S-HDHA; however, the carboxylic acid of 

7S-HDHA hydrogen bonds with Arg402, due to its increased length relative to that of 5S-

HETE.50 It is interesting to note that Arg402 was implicated in AA binding, but it is not 

predicted in our docking model.68

In the case of h15-LOX-2, the hydrophobic tail of 5S-HETE is buried deeply in the 

hydrophobic pocket created by residues Phe365, Leu420, Ile421, Val427, Phe438, and 

Leu607, with the carboxylate group forming a hydrogen bond with Arg429. An additional 

hydrogen bond interaction is observed between the hydroxyl group of 5S-HETE and the 

backbone carbonyl oxygen of residue Leu419 (Figure 2B). This pose is also consistent with 

the previous model proposed for 7S-HDHA with the exception of the carboxylic acid 

interaction.50 The carboxylate of 7S-HDHA forms a salt bridge with Arg429, whereas the 

carboxylate of 5S-HETE forms a single hydrogen bond with Arg429 due to its reduced 

length.

Distances between pro-S hydrogen atoms on the abstracted carbons, C10 and C13, and the 

reactive hydroxide oxygen atom in the active site are shown in Figure 2 and in Table 6. In 

the case of h15-LOX-1, the pro-S hydrogen of C10 is 2.7 Å from the hydroxide oxygen 

atom, while the pro-S hydrogen of C13 is 4.8 Å from the hydroxide oxygen atom, 

supporting the experimental results where h15-LOX-1 produces 5S,12S-diHETE. However, 

in the case of h15-LOX-2, the pro-S hydrogen atom of C13 is 3.7 Å from the hydroxide 

oxygen atom, whereas the pro-S hydrogen atom of C10 is 4.3 Å from the hydroxide oxygen 

atom, supporting the experimental results where h15-LOX-2 produces 5S,15S-diHETE. 

Similar differences in abstraction distances were also observed with 7S-HDHA docking 

poses.50

Platelet Reactivity toward 5S-HETE.

The presence of 5S,12S-diHETE in vivo has been assumed to result from the activity of h5-

LOX and h12-LOX; however, our current work (vide supra) indicates that 5S-HETE is a 

poor substrate for h12-LOX in vitro. To assess the ability of h12-LOX to react with 5S-

HETE in vivo, thrombin-activated platelets were incubated with 5S-HETE and analyzed for 

the presence of 5S-HETE metabolites using LC-MS/MS. Unreacted 5S-HETE was 

detectable in the samples; however, no 5S-HETE metabolites were detectable down to 2 

ng/mL. 12S-HETE was detectable from endogenous AA, indicating that the platelets 

contained active h12-LOX. The lack of any detectable 5S,12S-diHETE is consistent with the 

in vitro finding that 5S-HETE is a poor substrate for h12-LOX and suggests that another 

enzyme, such as h15-LOX-1, may be the source of 5S,12S-diHETE observed in vivo. It 

should be noted that 5S,12S-diHETE was previously observed when 5S-HETE was added to 

platelets; however, the conditions of the previous work were distinct from our conditions.19 

We are currently further investigating these confounding results to understand the details of 

the in vivo activity of h12-LOX in platelets.

To determine the platelet activity of 5S,12S-diHETE, it was also titrated into activated 

platelets and found to have low potency, 50 ± 20% aggregation at 10 μM (Figure 3). This is 

in contrast to the case for 12S-HETrE, which demonstrated 5 ± 2% aggregation at 10 μM, 

and 5S,15S-diHETE, which previously demonstrated 0 ± 2% aggregation at 10 μM.23 
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Despite the low potency of 5S,12S-diHETE in reducing the level of platelet aggregation, the 

fact that it is observed at high levels in biological samples34–38 suggests that 5S,12S-

diHETE may have another, as yet unidentified, role in other biological processes.

DISCUSSION

Biosynthesis of 5S,15S-diHpETE.

There are two pathways for synthesizing 5S,15S-diHpETE. Pathway 1 involves the 

formation of 15S-HpETE by either h15-LOX-1 or h15-LOX-2, followed by reaction with 

h5-LOX to form 5S,15S-diHpETE. Formation of 15S-HpETE occurs rapidly through 

oxidation of AA by h15-LOX-1, with kcat and kcat/KM values that are 15- and 12-fold 

greater than that of h15-LOX-2, respectively. However, once formed, 15S-HpETE and its 

reduced form, 15S-HETE, are comparatively poor substrates for h5-LOX. This is consistent 

with previous work indicating that h5-LOX reacts poorly with oxygenated fatty acids.50,57 

The slow reaction of h5-LOX with 15S-HpETE makes this a rate-limiting step and indicates 

that it is a relatively poor mechanistic pathway for producing 5S,15S-diHpETE in vitro.

In pathway 2, 5S-HpETE is first formed through oxygenation of AA by h5-LOX and is 

subsequently oxidized by an h15-LOX isozyme to form 5S,15S-diHpETE. h5-LOX reacts 

rapidly with AA to generate a 100% yield of 5S-HpETE. This is in contrast to the reaction 

of h5-LOX and DHA, which produces multiple mono-oxylipins, including 7S-HpDHA, 

14S-HpDHA, and 17S-HpDHA,50 and implicates the added length and unsaturation of DHA 

in the decrease in the product selectivity of h5-LOX. After 5S-HpETE is formed, the second 

step in pathway 2 is the formation of 5S,15S-diHpETE, which has been assumed to be 

performed by h15-LOX-1. This is a reasonable assumption, given that h15-LOX-1 primarily 

oxygenates C15 of AA, and is markedly faster at reacting with fatty acids than h15-

LOX-2.61 However, the role of h15-LOX-1 in this pathway may be less significant, given 

that h15-LOX-1 shows an altered positional specificity with 7S-HpDHA, primarily 

oxygenating the ω−9 carbon, C14, instead of the expected ω−6 carbon, C17.50 This altered 

positional specificity is confirmed in the current work, where h15-LOX-1 is shown to 

primarily oxygenate at the ω−9 carbon, C12, when reacting with 5S-HpETE. This is a 

significant result as it demonstrates that the altered positional specificity seen with 7S-

HpDHA also occurs with 5S-HpETE and indicates this is a new canonical reaction for h15-

LOX-1. A model was previously developed for the binding of 7S-HDHA to h15-LOX-1, 

where the C7 alcohol hydrogen bonded with the backbone carbonyl of Ile399, thus pushing 

the methyl end of 7S-HDHA farther into the active site, allowing for the generation of 

7S,14S-diHDHA. A similar docking procedure was performed with 5S-HETE, and a similar 

binding mode was observed between the C5 alcohol hydrogen and the backbone carbonyl of 

Ile399. This supports the hypothesis of the methyl-end binding registration, because both C7 

of 7S-HDHA and C5 of 5S-HETE are in the ω−16 position and hence are positioned to 

interact with the backbone of Ile399. It should also be noted that Ile399 is conserved in 

mouse and porcine Alox15 proteins. Considering that these gene products produce more 12-

HpETE than 15-HpETE, it is interesting to speculate that they would also produce 5,12-

diHpETE if 5-HpETE were the substrate. We are currently testing this hypothesis.

Perry et al. Page 12

Biochemistry. Author manuscript; available in PMC 2021 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



With h15-LOX-1 primarily generating 5S,12S-diHpETE from 5S-HpETE, this indicates that 

h15-LOX-2 may play a larger role in making 5S,15S-diHpETE and its reduced counterpart, 

5S,15S-diHETE, than previously thought (Scheme 2). This work supports this hypothesis, 

with h15-LOX-2 producing 5S,15S-diHpETE with a biosynthetic flux that is 2-fold greater 

than that of h15-LOX-1, despite the fact that h15-LOX-1 has 10-fold higher activity with 

AA than does h15-LOX-2 (Scheme 2). Therefore, the most kinetically favorable in vitro 
route in producing 5S,15S-diHpETE is the formation of 5S-HpETE by h5-LOX, followed by 

oxygenation at C15 by h15-LOX-2 or h15-LOX-1 (Scheme 2). This unrecognized role of 

h15-LOX-2 in the synthesis of 5S,15S-diHpETE is mirrored by previous work showing that 

h15-LOX-2 is more efficient than h15-LOX-1 in forming RvD5, due to the altered positional 

specificity of h15-LOX-1 with 7S-HpDHA and reinforces our hypothesis of a greater role of 

h15-LOX-2 in the biosynthesis of oxylipins.50

If we compare the LOX biosynthetic V10 flux values between AA and DHA and their 

derivatives, we observe some illuminating similarities and differences. The V10, defined as 

the moles of product produced per second per mole of enzyme at 10 μM substrate, of h5-

LOX with AA is comparable to that of DHA at 10 μM (0.17 and 0.14 mol s−1 mol−1, 

respectively);50 however, given the lower percentage of 7S-HpDHA produced (52%), the 

flux value is 2-fold lower for DHA. Upon comparison of 5S,15S-diHpETE and 7S,17S-

diHpDHA production, the kcat/KM flux value for 7S,17S-diHpDHA is 48-fold greater for 

h12-LOX (0.32 vs 0.0066), 1.6-fold greater for h15-LOX-1 (0.051 vs 0.032), and 2-fold 

greater for h15-LOX-2 (0.15 vs 0.072).50 These in vitro data suggest that at low substrate 

concentrations, LOX isozymes will preferentially produce 7S,17S-diHpDHA over 5S,15S-

diHpETE, which could have biological implications depending on the concentration of 

specific LOX isozymes and specific fatty acids/oxylipins. It should be noted that kcat/KM 

flux values are valid in vivo only if the cellular concentration of the oxylipin is below the 

KM value.

Biosynthesis of 5S,12S-diHETE.

As discussed previously, the reduced form of 5S,12S-diHpETE, 5S,12S-diHETE, has been 

observed in lipidomic analysis and is thus potentially a significant biomolecule with respect 

to inflammation. There are two main pathways for producing 5S,12S-diHpETE, with the 

first, pathway 3, involving the formation of 12S-HpETE by either h12-LOX or h15-LOX-1, 

followed by reaction with h5-LOX to form 5S,12S-diHpETE. Although 12S-HpETE is 

formed rapidly by h12-LOX, the second step in this pathway, reaction of h5-LOX with 12S-

HpETE, occurs relatively slowly. Similar to that seen with other mono-oxylipins, the 

reaction with h5-LOX and 12S-HETE occurs at a rate that is >300-fold lower than its rate 

with AA, making it the rate-limiting step of this pathway, for the in vitro biosynthetic 

pathway. It should be emphasized that in the cell, protein expression will also affect the rate-

limiting step of a particular biosynthetic pathway.

However, pathway 4, involving formation of 5S,12S-diHpETE from 5S-HpETE, is not as 

rate restricted. The reaction of h5-LOX with AA occurs rapidly producing 5S-HpETE (vide 
supra). The second step with h12-LOX produces the expected 5S,12S-diHpETE product; 

however, 5S-HETE is a relatively poor substrate for h12-LOX, with a kcat and a kcat/KM 
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>100-fold lower than those of the reaction with AA. In contrast, 5S-HETE is a relatively 

better substrate for h15-LOX-1, with its kcat/KM value being ~4-fold greater than that of 

h12-LOX, despite the fact that h12-LOX is more efficient in reacting with AA than is h15-

LOX-1. The comparatively high kinetic values of h15-LOX-1 with 5S-HETE combined with 

its altered product profile make its biosynthetic kcat/KM flux almost 5-fold greater at 

producing 5S,12S-diHpETE than is h12-LOX. This result is consistent with previous in vitro 
results, where h15-LOX-1 is 20-fold more efficient than h12-LOX at producing lipoxins 

from 5,15-diHpETE,23,69 and indicates a negative bias against oxylipin substrates for h12-

LOX relative to h15-LOX-1. In addition, these results suggest that h15-LOX-1 could be a 

source of the 5S,12S-diHpETE detected in biological samples, where 5S-HpETE is the 

available substrate.

It should be noted that h12-LOX shows a small shift in product specificity while reacting 

with 5S-HpETE, producing 13% 5S,15S-diHpETE instead of the expected 100% 5S,12S-

diHpETE. A similar shift was previously observed when h12-LOX reacted with 7S-HDHA 

to produce 7S,17S-diHpDHA,50 both being the product of ω−8 hydrogen atom abstraction. 

These results indicate that both h12-LOX and h15-LOX-1 have altered product profiles 

when reacting with oxylipins, indicating caution should be shown when considering 

biosynthetic pathways for specific oxylipin production.

Biological Consequences.

5S,15S-diHpETE is an oxylipin that is produced in high abundance in many inflammatory 

conditions, including asthma and rheumatoid arthritis.29 It has been suggested that while the 

reduced form is observed, a hydroperoxide intermediate is necessary at C5 for formation of 

LXA4 and at C15 for formation of LXB4. This is because the hydroperoxide is required for 

the critical dehydration step by a LOX isozyme to generate the epoxide intermediate, which 

is then hydrolyzed to the corresponding lipoxin.18,23 5S,15S-diHpETE contains 

hydroperoxides at both C5 and C15 and can serve as an intermediate for the production of 

either lipoxin A4 (LXA4) and lipoxin B4 (LXB4). Previously, it was shown that h15-LOX-1 

converted 5S,15S-diHpETE to LXB4 in vitro, while h15-LOX-2 was unable to do so,18 

implying that h15-LOX-2 is not involved in the biosynthesis of LXB4. However, increases in 

h15-LOX-2 concentrations were observed to coincide with increases in lipoxin levels in 

airway epithelial cells.70 These data, combined with our in vitro data, may indicate that both 

15-LOX isozymes are involved in LXB4 biosynthesis in vivo, with h15-LOX-2 oxygenating 

C15 of 5S-HETE or 5S-HpETE and h15-LOX-1 performing the dehydration step to produce 

the epoxide LXB4 intermediate. This is a remarkable hypothesis because the presumption 

has been that h15-LOX-1 and not h15-LOX-2 is the isozyme producing 5S,15S-diHpETE, 

due to its greater enzymatic activity in producing 15S-HpETE from AA. In the in vitro work 

presented here, h15-LOX-1 is not as efficient in producing 5S,15S-diHpETE from 5S-

HpETE, but rather it has a greater propensity to synthesize 5S,12S-diHpETE. h15-LOX-2, 

however, does react well with 5S-HpETE, producing only 5S,15S-diHpETE. If we consider 

our previous work in the biosynthesis of lipoxins,23 we can propose the most efficient in 
vitro biosynthetic pathway for lipoxin production (Scheme 3). The first in vitro biosynthetic 

step is the production of 5S-HpETE by h5-LOX, followed by catalysis with h15-LOX-2 to 

produce 5S,15S-diHpETE. At this point, h15-LOX-1 produces the epoxide precursor of 
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LXB4,23 which is subsequently converted to LXB4 by a hydrolase. This proposed in vitro 
biosynthetic pathway suggests that the role of h15-LOX-2 in producing LXB4 in vivo may 

be larger than previously suspected. In vivo work supports this hypothesis, where 

upregulation of h15-LOX-2 in dendritic cells is linked to increased 5S,15S-diHETE 

production71 and keratinocytes expressed h15-LOX-2 and produced 5S,15S-diHETE when 

incubated with 5S-HETE.15–17 We are currently investigating this further by applying our 

LOX specific inhibitors to human cell lines to confirm the role of particular biosynthetic 

pathways in 5S,12S-diHETE and 5S,15S-diHETE production.

If h15-LOX-2 does have a greater role in lipoxin biosynthesis in vivo, then this may affect 

the predicted involvement of specific cells in lipoxin formation.22,24,32–34 For example, h15-

LOX-2 is expressed at high levels in macrophages,17,51 and because macrophages also 

express h5-LOX and h15-LOX-1,13,72 they could contain all of the enzymes necessary to 

produce lipoxins on their own. This hypothesis is supported by the fact that the level of 

expression of h5-LOX is elevated in pro-inflammatory M1 macrophages,73 while h15-

LOX-1 expression is upregulated in the pro-resolving M2 sub-type.71,73,74 Therefore, 

lipoxin production may occur with changes in macrophage LOX expression, without the 

need for a transcellular mechanism of synthesis. Nevertheless, the proposed in vitro 
biosynthetic routes (vide supra) should be considered with caution when extrapolating to in 
vivo systems. Although h5-LOX is a poor biocatalyst with oxylipins in vitro (vide supra), its 

activity can be altered by protein expression and the presence of FLAP,75 calcium,24 and 

hydroperoxides in the cell.76–78 In addition, 15-LOX isozymes are known to have altered 

catalysis with allosteric effector molecules in vitro, which could also be present in vivo.61,79 

Therefore, we are currently utilizing specific LOX inhibitors in primary cells to determine 

which LOX isozyme plays a role in specific oxylipin biosynthetic pathways based on 

enzymatic activity and protein expression.

CONCLUSION

In conclusion, the altered positional specificity of h15-LOX-1 extends beyond 7S-HpDHA 

to 5S-HpETE. Therefore, the in vivo biosynthesis of dioxylipins, such as 5S,15S-diHpETE 

and 5S,12S-diHpETE, can occur by routes that may not be obvious when extrapolating from 

LOX activity with AA. In particular, h15-LOX-2 may possibly make a larger contribution to 

the biosynthesis of lipoxins and other oxylipins, which was previously attributed solely to 

h15-LOX-1, and therefore, interpretation of in vivo data should be carefully evaluated with 

the current results in mind.
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ABBREVIATIONS

AA arachidonic acid

DHA docosahexaenoic acid

PUFA polyunsaturated fatty acid

SPM specialized pro-resolving mediator

5S-HETE 5S-hydroxy-6E,8Z,11Z,14Z-eicosatetraenoic acid

5S-HpETE 5S-hydroperoxy-6E,8Z,11Z,14Z-eicosatetraenoic acid

12S-HETE 12S-hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic acid

12S-HpETE 12S-hydroperoxy-5Z,8Z,10E,14Z-eicosatetraenoic acid

15S-HETE 15S-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid

15S-HpETE 15S-hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid

5S,12S-diHETE 5S,12S-dihydroxy-6E,8Z,10E,14Z-eicosatetraenoic acid

5S,12S-diHpETE 5S,12S-dihydroperoxy-6E,8Z,10E,14Z-eicosatetraenoic 

acid

5S,15S-diHETE 5S,15S-dihydroxy-6E,8Z,11Z,13E-eicosatetraenoic acid

5S,15S-diHpETE 5S,15S-dihydroperoxy-6E,8Z,11Z,13E-eicosatetraenoic 

acid

7S-HDHA 7S-hydroperoxy-4Z,8E,10Z,13Z,16Z,19Z-docosahexaenoic 

acid

7S-HpDHA 7S-hydroperoxy-4Z,8E,10Z,13Z,16Z,19Z-docosahexaenoic 

acid

14S-HpDHA 14S-hydroperoxy-4Z,7Z,10Z,12E,16Z,19Z-

docosahexaenoic acid

17S-HpDHA 17S-hydroperoxy-4Z,7Z,10Z,13Z,15E,19Z-

docosahexaenoic acid

7S,14S-diHDHA 7S,14S-dihydroxy-4Z,8E,10Z,12E,16Z,19Z-

docosahexaenoic acid

7S,17S-diHDHA 7S,17S-dihydroxy-4Z,8E,10Z,13Z,15E,19Z-

docosahexaenoic acid

13-HODE 13S-hydroxy-octadecadienoic acid; RvD5, Resolvin D5

LTB4 leukotriene B4

LXB4 lipoxin B4

Perry et al. Page 16

Biochemistry. Author manuscript; available in PMC 2021 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LXA4 lipoxin A4

LOX lipoxygenase

h15-LOX-1 or ALOX15 human reticulocyte 15-lipoxygenase-1

h5-LOX or ALOX5 human 5-lipoxygenase

h12-LOX or ALOX12 human platelet 12-lipoxygenase

h15-LOX-2 or ALOX15B human epithelial 15-lipoxygenase-2

PMN polymorphonuclear leukocyte
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Figure 1. 
5S,12S-diHETE and 5S,15S-diHETE are the reduced forms of the LOX products, the di-

HpETEs. The structures are artificially drawn in a straight line for the purpose of 

comparison.
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Figure 2. 
InducedFit docking pose of 5S-HETE against (A) h15-LOX-1 and (B) h15-LOX-2. 5S-

HETE, metal ion (Fe3+), and hydroxide ion are shown in ball-and-stick representation, and 

protein residues in the active site are shown in stick representation. Carbon atoms of 5s-

HETE and proteins are colored magenta and gray, respectively, oxygen, hydrogen, nitrogen, 

and Fe3+ ion are colored red, white, blue, and orange, respectively. The distances between 

the hydroxide oxygen atom and the pro-S hydrogen of C10 and C13 reactive carbons are 

also shown. In addition, we have also labeled residues that form hydrogen bonds to the 

substrate. Below each docking structure is a cartoon.
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Figure 3. 
Effect of 5S,12S-diHETE on the aggregation of activated platelets. Washed human platelets 

were treated with vehicle (DMSO) or 5S,12S-diHETE or 12S-HETrE in half-log increments 

ranging from 1 to 10 μM for 10 min and then stimulated with collagen (0.25 μg/mL) in an 

aggregometer. Data represent the mean ± the standard error of the mean of six independent 

experiments. Statistical analysis was performed using one-way analysis of variance with 

Dunnett’s test comparing the aggregation of platelets treated with each concentration of 

oxylipin to the aggregation of vehicle-treated platelets. **P < 0.01; ***P < 0.001.
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Scheme 1. 
Possible Biosynthetic Pathways of 5S,12S-diHETE and 5S,15S-diHETEa

aIt should be noted that LOXs initially produce hydroperoxides that are subsequently 

reduced by glutathione peroxidases. The reduced products have been presented for the sake 

of simplicity.
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Scheme 2. 
5S,12S-diHETE and 5S,15S-diHETE Biosynthesis Pathwaysa

aThe total flux values for the reactions of h5-LOX, h12-LOX, h15-LOX-1, and h15-LOX-2 

with AA, 12S-HETE, 15S-HETE, and 5S-HETE are compared by multiplying kcat/KM 

values (s–1 μM–1) by the percentage of total product from each reaction that serves as the 

intermediate in the synthesis of 5S,12S-diHETE or 5S,15S-diHETE. An asterisk indicates 

that flux values are not reported for h5-LOX due to its low reactivity and its inability to 

manifest a kcat/KM value. It should be noted that LOXs initially produce hydroperoxides that 

are subsequently reduced by glutathione and other cellular peroxidases. Only reduced 

products are shown for the sake of simplicity.
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Scheme 3. 
Proposed In Vitro Biosynthetic Pathway for LXB4
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Table 1.

Common Protein Names for Human LOX Genes

LOX human gene LOX human protein

ALOX5 h5-LOX

ALOX12 h12-LOX

ALOX15 h15-LOX-1, 12/15-LOX

ALOX15b h15-LOX-2

Biochemistry. Author manuscript; available in PMC 2021 October 27.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Perry et al. Page 29

Ta
b

le
 2

.

St
ea

dy
-S

ta
te

 K
in

et
ic

 V
al

ue
s 

of
 h

5-
L

O
X

, h
12

-L
O

X
, h

15
-L

O
X

-1
, a

nd
 h

15
-L

O
X

-2
 w

ith
 S

ub
st

ra
te

s 
T

ha
t S

er
ve

 a
s 

In
te

rm
ed

ia
te

s 
in

 th
e 

B
io

sy
nt

he
si

s 
of

 

5S
,1

2S
-d

iH
pE

T
E

 a
nd

 5
S,

15
S-

di
H

pE
T

E

en
zy

m
e

su
bs

tr
at

e
k c

at
 (

s−1
)

k c
at

/K
M

 (
s−1

 μ
M

−1
)

K
M

 (
μ

M
)

h5
-L

O
X

A
A

a
1.

2 
±

 0
.4

0.
35

 ±
 0

.0
4

3.
3 

±
 0

.9

h1
2-

L
O

X
A

A
b

9.
7 

±
 1

5.
8 

±
 0

.4
1.

7 
±

 0
.3

h1
2-

L
O

X
5S

-H
E

T
E

0.
08

8 
±

 0
.0

06
0.

05
1 

±
 0

.0
1

1.
7 

±
 0

.4

h1
2-

L
O

X
5S

-H
pE

T
E

0.
15

 ±
 0

.0
1

0.
15

 ±
 0

.0
2

1.
0 

±
 0

.2

h1
5-

L
O

X
-1

A
A

b
10

 ±
 1

2.
1 

±
 0

.3
5.

0 
±

 0
.3

h1
5-

L
O

X
-1

5S
-H

E
T

E
1.

1 
±

 0
.4

0.
23

 ±
 0

.0
3

4.
9 

±
 0

.6

h1
5-

L
O

X
-1

5S
-H

pE
T

E
1.

8 
±

 0
.2

0.
23

 ±
 0

.0
4

7.
8 

±
 2

h1
5-

L
O

X
-2

A
A

b
0.

96
 ±

 0
.0

9
0.

19
 ±

 0
.0

2
5.

0 
±

 0
.2

h1
5-

L
O

X
-2

5S
-H

E
T

E
2.

1 
±

 0
.2

0.
07

2 
±

 0
.0

08
29

 ±
 2

h1
5-

L
O

X
-2

5S
-H

pE
T

E
2.

0 
±

 0
.2

0.
03

5 
±

 0
.0

04
57

 ±
 3

a T
he

 a
m

m
on

iu
m

 s
ul

fa
te

-p
re

ci
pi

ta
te

d 
h5

-L
O

X
 p

ro
te

in
 c

on
ce

nt
ra

tio
n 

w
as

 e
st

im
at

ed
 f

ro
m

 S
D

S-
PA

G
E

 (
Fi

gu
re

 S
1)

. T
he

 ir
on

 c
on

te
nt

 is
 a

ss
um

ed
 to

 b
e 

10
0%

, b
ec

au
se

 it
 c

an
no

t b
e 

de
te

rm
in

ed
 d

ir
ec

tly
 w

ith
 th

is
 

im
pu

re
 p

ro
te

in
 s

am
pl

e.

b Pr
ev

io
us

ly
 p

ub
lis

he
d.

50

Biochemistry. Author manuscript; available in PMC 2021 October 27.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Perry et al. Page 30

Table 3.

Distribution of Products Created by Reaction of h5-LOX, h12-LOX, h15-LOX-1, and h15-LOX-2 with 

Substrates That Serve as Intermediates in the Biosynthesis of 5S,12S-diHpETE and 5S,15S-diHpETE
a

enzyme substrate C5 product (%) C12 product (%) C15 product (%)

h5-LOX
AA

b 100 – –

12S-HpETE 100 – –

15S-HETE 100 – –

15S-HpETE 100 – –

h12-LOX AA – 100 –

5S-HETE – 87 ± 4 13 ± 4

5S-HpETE – 90 ± 3 10 ± 3

h15-LOX-1 AA – 16 ± 5 84 ± 5

5S-HETE – 86 ± 6 14 ± 6

5S-HpETE – 61 ± 6 39 ± 6

h15-LOX-2 AA – – 100

5S-HETE – – 100

5S-HpETE – – 100

a
The product label (i.e., C5 product) refers to the carbon that is oxygenated on the substrate.

b
The epoxide product from 5S-HpETE was observed at low levels and considered a derivative of 5S-HpETE.

Biochemistry. Author manuscript; available in PMC 2021 October 27.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Perry et al. Page 31

Table 4.

Biosynthetic Flux of Reactions Leading to the Production of 5S,12S-diHETE and 5S,15S-diHETE
a

enzyme substrate kcat/KM (s−1 μM−1)
c

5S,12S-diHETE flux 5S,15S-diHETE flux

h5-LOX
AA

b 0.35 0.35 0.35

h12-LOX AA 5.8 5.8 –

h12-LOX 5S-HETE 0.051 0.044 0.0066

h12-LOX 5S-HpETE 0.15 0.14 0.015

h15-LOX-1 AA 2.1 0.34 1.8

h15-LOX-1 5S-HETE 0.23 0.20 0.032

h15-LOX-1 5S-HpETE 0.23 0.14 0.089

h15-LOX-2 AA 0.19 – 0.19

h15-LOX-2 5S-HETE 0.072 – 0.072

h15-LOX-2 5S-HpETE 0.035 – 0.035

a
Biosynthetic flux is calculated by multiplying each kcat/KM value (s−1 μM–1) by the percentage of total product from each reaction that serves 

as the intermediate in the synthesis of either 5S,12S-diHETE or 5S,15S-diHETE.

b
The AA flux values are also listed as they produce intermediates in the biosynthetic pathway, such as 5S-HpETE, 12S-HpETE, and 15S-HpETE.

c
kcat/KM error values are listed in Table 2.
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Table 5.

V10 Values (moles per second per mole) of h5-LOX with 10 μM Substrate (i.e., AA, 12S-HETE, 12S-HpETE, 

15S-HETE, and 15S-HpETE)
a

enzyme substrate V10 (mol s−1 mol−1)

h5-LOX AA 0.17 ± 0.05

h5-LOX 15S-HETE 0.0013 ± 0.0004

h5-LOX 15S-HpETE 0.0020 ± 0.001

h5-LOX 12S-HETE 0.00050 ± 0.0003

h5-LOX 12S-HpETE 0.0030 ± 0.001

a
V10 is defined as the moles of product produced per second per mole of enzyme (moles per second per mole) at 10 μM substrate.
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Table 6.

Distances between the Hydroxide Oxygen Atom and the pro-S Hydrogens of the Reactive Carbons (C10 and 

C13) of 5S-HETE against h15-LOX-1 and h15-LOX-2

enzyme hydroxide oxygen-pro-S C10 hydrogen distance (Å) hydroxide oxygen-pro-S C13 hydrogen distance (Å)

h15-LOX-1 2.7 4.8

h15-LOX-2 4.3 3.7
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