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A B S T R A C T

Lipoxygenases (LOXs) are enzymes that catalyze the regioselective dioxygenation of polyunsaturated fatty acids 
(PUFAs), leading to the formation of fatty acid hydroperoxides (FAHPs). In addition to dioxygenase activity, 
some eukaryotic LOXs exhibit hydroperoxide isomerase (HPI) activity under specific conditions, resulting in the 
production of structurally diverse compounds such as epoxy alcohols and ketones. Until now, the presence of HPI 
activity in bacterial LOXs has not been documented. In this study, we investigated the HPI activity of LOX from 
Burkholderia thailandensis (Bt-LOX) and examined the effects of reaction conditions on its catalytic profile using 
three different C18 PUFA substrates. The results demonstrated that Bt-LOX exhibits significant HPI activity, 
especially at high enzyme concentrations, with ketone formation showing strong substrate dependence. Oxygen 
level was identified as a critical factor in directing the catalytic performance of Bt-LOX: HPI activity was 
inhibited under O₂-saturated conditions and enhanced under O₂-limited conditions. These findings establish Bt- 
LOX as the first bacterial LOX reported to exhibit pronounced HPI activity, and highlights its expanded potential 
for biocatalytic applications.

1. Introduction

Lipoxygenases (LOXs; EC 1.13.11.x) are non-heme iron (or, in some 
cases, manganese) dependent enzymes that catalyze the regioselective 
dioxygenation of polyunsaturated fatty acids (PUFAs), producing fatty 
acid hydroperoxides (FAHPs). The non-heme iron of LOX exists in two 
oxidation states: ferrous (Fe2+) and ferric (Fe3+) [1]. Newly isolated 
enzymes are typically in the ferrous state, which is inactive towards 
PUFAs. They require a priming reaction with FAHPs to convert the iron 
to its ferric state [2,3], thereby, activating the enzyme to enter the 
dioxygenase catalytic cycle [4]. An alkoxyl radical or epoxy-allylic 
radical is postulated as an intermediate in the LOX activation process 
[5,6]. The radical intermediate subsequently dissociates through an 
oxygen-dependent dissociation process, leading to the formation of 
epoxy-allylic hydroperoxides, which are then further transformed into 
epoxy-allylic ketones [5]. LOX activation is a single turnover event, 
meaning that once the enzyme is oxidized to its ferric form, it will 
remain in this form and no longer react with FAHPs [1].

An exception applies to certain eukaryotic LOXs that exhibit hy
droperoxide isomerase (HPI) activity [5–8]. These enzymes, in their 
ferrous form, can convert FAHPs into epoxy alcohols or ketones, 
reverting to their ferrous state after product release [5,6]. Despite the 
fact that the ketone is not an isomer of the FAHP, both epoxy alcohols 
and ketones are considered as HPI products [6]. The formation of an 
epoxy alcohol or ketone via the HPI activity of LOX involves several key 
steps [6] (Fig. 1). First, the ferrous enzyme (LOX–Fe2+) catalyzes the 
homolytic cleavage of the hydroperoxide O–O bond, generating an 
alkoxy radical intermediate. Concurrently, the hydroxyl group from the 
hydroperoxide is transferred to the enzyme, forming a LOX–Fe3+–OH 
complex. Next, the alkoxy radical intermediate can cyclize to form an 
epoxyallylic radical, and the two species may exist in equilibrium. The 
final step proceeds through one of two proposed pathways [6]. In one 
pathway, the alkoxy radical undergoes C–H bond scission (likely via a 
hydrogen atom transfer) to produce a fatty acid ketone and water, which 
regenerates LOX–Fe2+. In the other pathway, the hydroxyl group in the 
LOX–Fe3+–OH complex rebounds to the epoxyallylic radical 
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intermediate, resulting in the formation of an epoxy alcohol and 
restoring LOX–Fe2+.

The presence of HPI activity in LOXs is of interest because the 
resulting fatty acid epoxy alcohols or ketones may have unique prop
erties. Typically, the hydroxy, epoxy or keto group impart special 
characteristics to fatty acids, such as higher viscosity and reactivity [9]. 
Due to their distinctive chemical properties, these fatty acid derivatives 
can be used in a wide range of products, including resins, waxes, nylons, 
plastics, corrosion inhibitors, cosmetics, and coatings [9]. Moreover, 
unsaturated epoxy alcohols serve as potent starting materials for the 
synthesis of biologically active molecules [10], such as hepoxilins [11, 
12], trioxilins [12] and leukotrienes.

The HPI activity of LOX has generally been observed only under 
specific conditions. For example, soybean LOX-1 exhibits HPI activity in 
the presence of excess FAHP and under anaerobic conditions [7,13]. In 
manganese LOX from the fungus Gaeumannomyces avenae, the G316A 
mutation induces HPI activity by altering oxygen disposition in the 
active site [8]. Notable HPI activity has also been identified in an un
usual human epidermal LOX3, which catalyzes dioxygenase activity 
with a long lag phase, requiring high concentrations of a hydroperoxide 
activator [14]. Moreover, in human epidermal LOX3, pronounced HPI 
activity was observed under limited oxygen supply [5]. The dual func
tionality of dioxygenase and HPI activity makes these LOXs versatile 
biocatalysts; however, it also presents challenges, complicating product 
purification. Therefore, maximizing the application potential of LOXs 
requires a deeper understanding of how to steer their reactions toward 
either dioxygenase or HPI activity, depending on the desired outcome.

Currently, there is limited information regarding the occurrence of 
HPI activity in other LOXs, particularly those of bacterial origin. Bac
terial LOXs are gaining attention due to their high activity [15] and 
ability to catalyze reactions on a broad spectrum of PUFAs with distinct 
regioselectivity [16]. Among these bacterial enzymes, LOX from Bur
kholderia thailandensis (Bt-LOX) was previously shown to display high 
activity toward various PUFAs (C18–C22), with regioselectivity prefer
entially targeting the ω− 5 position [17]. Building upon this foundation, 
this study investigates the presence of HPI activity in Bt-LOX and eval
uates how reaction conditions influence its catalytic behavior. Key pa
rameters such as enzyme concentration, incubation time, and oxygen 
availability were systematically analyzed across three different C18 
PUFA substrates. Increased enzyme concentrations were hypothesized 
to enhance HPI activity by providing more ferrous enzyme for catalysis, 
while extended incubation times were expected to facilitate product 

accumulation. Moreover, modulating oxygen levels was predicted to 
direct the reaction pathway, as HPI activity is often associated with 
anaerobic or oxygen-limited conditions [5,7,13]. Elucidating these fac
tors allows for precise control over Bt-LOX’s dual activities, unlocking its 
potential for targeted biocatalytic applications and expanding its utility 
in chemical synthesis.

2. Materials and methods

2.1. Materials

The gene for Burkholderia thailandensis lipoxygenase (Bt-LOX) (NCBI 
ABC36974.1), optimized for expression in Escherichia coli, was obtained 
from GenScript Biotech in Rijswijk, The Netherlands. This gene was 
inserted into a pET-19b plasmid (Novagen, USA) using the NdeI and BlpI 
restriction sites. To facilitate protein purification via metal affinity 
chromatography, a 10x His-Tag and an enterokinase site were added to 
the enzyme’s N-terminus. The materials for enzyme production and 
purification were sourced as follows: E. coli BL21(DE3) competent cells 
from Invitrogen, California, USA; Luria Bertani medium, pepstatin A, 
and ampicillin sodium salt from Sigma-Aldrich, Missouri, USA; Isopro
pyl β-D-1-thiogalactopyranoside (IPTG) from Duchefa Biochemie B.V., 
Haarlem, The Netherlands; BugBuster master mix and Ni-NTA His-bind 
resin from Millipore-Merck, Darmstadt, Germany; cOmplete mini EDTA- 
free protease inhibitor cocktail from Roche, Mannheim, Germany; and 
VivaSpin from GE Healthcare, Buckinghamshire, UK.

Chemicals for enzymatic assays and product analysis were obtained 
from the following sources: linoleic acid (LA; C18:2 Δ9Z,12Z), α-lino
lenic acid (ALA; C18:3 Δ9Z,12Z,15Z) and γ-linolenic acid (GLA; C18:3 
Δ6Z,9Z,12Z) were sourced from Nu-Chek Prep, Inc., Minnesota, USA. 
Standards for FAHPs, including 13(S)-Hydroperoxy-9Z,11E-octadeca
dienoic acid (13-HPODE) and 13(S)-Hydroperoxy-9Z,11E,15Z-octade
catrienoic acid (13-HPOTrE), as well as some potential FAHP derivative 
products including 13S-hydroxy-9Z,11E-octadecadienoic acid (13- 
HOTE), 13-oxo-9Z,11E-octadecadienoic acid (13-OxoODE), cis-12(13)- 
epoxy-9Z-octadecenoic acid (12(13)-EpOME), 13-oxo-9Z,11E,15Z-octa
decatrienoic acid (13-OxoOTrE), and cis-12(13)-epoxy-9Z,15Z-octade
cadienoic acid (12(13)-EpODE) were acquired from Larodan, Solna, 
Sweden. Ethyl acetate, methanol absolute and acetonitrile, all in ULCMS 
grade were purchased from Biosolve B.V., Valkenswaard, The 
Netherlands.

Fig. 1. Proposed hydroperoxide isomerase catalytic mechanism of lipoxygenase [5,6]. The reaction includes several key steps: (i) Homolytic cleavage of the hy
droperoxide O–O bond by a ferrous enzyme to form an alkoxy radical; (ii) Cyclization of the alkoxy radical to an epoxyallylic radical, and the two species may exist in 
equilibrium; (iii) The alkoxy radical undergoes C–H bond scission to produce a fatty acid ketone and water, which regenerates LOX–Fe2+. Alternatively, the hydroxyl 
group in the LOX–Fe3+–OH complex rebounds to the epoxyallylic radical intermediate, resulting in the formation of an epoxy alcohol and restoring LOX–Fe2+.
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2.2. Protein expression and purification

Protein expression and purification were done according to the 
previously reported protocol [17]. Recombinant E. coli BL21(DE3) car
rying the pET-19b_Bt-LOX plasmid was grown in Luria Bertani medium 
at 37 ◦C with continuous shaking at 250 rpm. The empty pET-19b 
plasmid was used as a control for protein overexpression. Upon reach
ing an optical density of 0.6 − 0.8 at 600 nm (OD600), 0.5 mM Isopropyl 
β-D-1-thiogalactopyranoside (IPTG) was added. Afterwards, the culture 
was incubated at 16 ◦C with shaking at 150 rpm for 48 h. Subsequently, 
cells were harvested by centrifugation at 7000×g for 15 min at 4 ◦C and 
stored at − 20 ◦C until protein purification.

To purify Bt-LOX, frozen cell pellets from a 200 mL culture were 
resuspended in a lysis solution and incubated on a slow-setting rotating 
mixer for 20 min at room temperature. The lysis solution consisted of 
one Mini EDTA-free cOmplete protease inhibitor cocktail tablet and 
1 µM pepstatin A dissolved in 10 mL of BugBuster Master Mix. After 
incubation, the mixture was centrifuged at 16,000×g for 20 min at 4 ◦C 
to remove cell debris and the resulting supernatant was filtered through 
a 0.22 μm membrane filter. Purification was then carried out using a 
gravity flow column packed with 1 mL of Ni-NTA His-bind resin. Prior to 
sample application, the column was equilibrated with 10 column vol
umes (CV) of an equilibration buffer composed of 50 mM NaH2PO4, 
300 mM NaCl, and 10 mM imidazole at pH 7.0. The filtered supernatant 
was applied to the column, followed by washing with 2 CV each of four 
washing buffers at pH 7.0, containing 50 mM NaH2PO4, 300 mM NaCl, 
and increasing concentrations of imidazole (20, 50, 100, and 150 mM, 
respectively). Elution of the purified enzyme was achieved using 4 CV of 
elution buffer at pH 7.0, containing 50 mM NaH2PO4, 300 mM NaCl, 
and 250 mM imidazole. Concentration and desalting of elution fractions 
were performed using a VivaSpin spin filter with a molecular weight cut- 
off of 10 kDa, and the enzyme was stored in 100 mM Bis-Tris buffer at 
pH 6.0. Protein content was determined using Bradford assay [18]. The 
specific activity of the purified enzyme was 36.8 U/mg. One unit of 
enzyme activity (U) is defined as the amount of enzyme that produces 
1 µmol of hydroperoxide per minute using LA as the substrate at 30 ◦C 
and pH 6.0. The specific activity was calculated based only on the ho
loenzyme, taking the enzyme’s iron load into account [17].

2.3. Preparation of substrate stock solutions

PUFAs were solubilized and freshly prepared according to a previ
ously reported protocol [19]. In a 10 mL volumetric flask, PUFA (LA, 
ALA or GLA) was mixed with 12.5 μL of Tween-20 in 4 mL milli-Q water. 
After adding 0.55 mL of 0.5 M NaOH, the mixture became clear, and 
milli-Q water was added to adjust the volume to 10 mL, resulting in a 
final PUFA concentration of 4.33 mM.

2.4. Effect of enzyme concentration and reaction time on HPI activity of 
Bt-LOX

To investigate the effect of enzyme concentration and reaction time 
on HPI activity of Bt-LOX, three different C18 PUFA substrates were 
used, i.e., LA, ALA, and GLA. For the examination of the effect of enzyme 
concentration, 10, 20, or 30 µL of 308 µg/mL Bt-LOX and 240 µL of 
4.33 mM PUFA were diluted to a total volume of 1.0 mL with 100 mM 
Bis-Tris buffer pH 6.0. This resulted in final enzyme concentration of 3, 
6, or 9 µg/mL, respectively, and a substrate concentration of 1.04 mM. 
Negative control reactions (without enzyme) for each substrate were 
prepared using an equivalent amount of substrate diluted with 760 µL 
100 mM Bis-Tris buffer at pH 6.0. The reaction mixtures were then 
incubated for 30 min at 30 ◦C with agitation at 300 rpm. After incuba
tion, the reaction mixture was transferred to a Kimax tube containing 
5 mL of ethyl acetate and briefly vortexed to stop the enzymatic reaction 
and extract the lipid fractions [20]. The mixture was subsequently 
centrifuged at 5000×g for 15 min at room temperature, resulting in the 

separation of three layers: an aqueous phase at the bottom, denatured 
protein at the interlayer, and an organic phase at the top. Following 
centrifugation, 4 mL of the upper layer was collected and evaporated 
under a nitrogen flow at 30 ◦C. Once the ethyl acetate had completely 
evaporated, the sample was diluted in 4 mL of methanol and stored at 
− 80 ◦C until further analysis.

To assess the effect of incubation time on HPI activity of Bt-LOX, 
10 µL of 309 µg/mL Bt-LOX and 240 µL of 4.33 mM PUFA were 
diluted to a total volume of 1.0 mL with 100 mM Bis-Tris buffer pH 6.0, 
resulting in a final enzyme concentration of 3 µg/mL and a substrate 
concentration of 1.04 mM. These mixtures were incubated at 30 ◦C for 0, 
30, 60, 90 and 120 min, respectively. Negative control reactions 
(without enzyme) for each substrate were prepared using an equivalent 
amount of substrate diluted with 760 µL 100 mM Bis-Tris buffer at pH 
6.0 and incubated simultaneously with the enzyme samples. To make 
sure that FAHP is stable under the experimental conditions applied, 
100 µL of 295 µM standard 13-HPOTrE was added to 900 µL 100 mM 
Bis-Tris buffer pH 6.0 and incubated in the same way as zero and 
120 min time samples. After incubation, the lipid fractions from enzy
matic reactions, negative controls, and standard samples were extracted 
using the same protocol as described above. The experiments for both 
the effect of enzyme concentrations and reaction times were done in two 
biological replicates.

2.5. Effect of oxygen level on HPI activity of Bt-LOX

To evaluate the effect of oxygen level on HPI activity of Bt-LOX, the 
buffer used for enzymatic reactions was saturated with O2 (for O2- 
saturated conditions) or N2 (for O2-limited conditions) by bubbling it 
with the corresponding gas flow for at least 3 h prior enzymatic reaction. 
The enzyme and the substrates stock solutions were neither flushed with 
O2 nor N2. The enzymatic reaction was conducted in a greenhouse plus 
parallel synthesizer from Radley, Essex, UK. Prior to the enzymatic re
action, the chamber of the parallel synthesizer was saturated with O2 
(for O2-saturated conditions) or N2 (for O2-limited conditions) flow for 
30 min. The enzymatic reaction consisted of 30 µL of 298 µg/mL Bt- 
LOX, 100 µL of 4.33 mM PUFA (i.e., LA and ALA) and 870 µL of 
100 mM Bis-Tris buffer pH 6.0, resulting in a final enzyme concentration 
of 9 µg/mL and a substrate concentration of 433 µM. These mixtures 
were incubated at 30 ◦C for 60 min under O2 (for O2-saturated condi
tions) or N2 (for O2-limited conditions) flow of 100 mL/min. Negative 
control reactions (without enzyme) for each substrate were prepared 
using an equivalent amount of substrate diluted with 900 µL 100 mM 
Bis-Tris buffer at pH 6.0. The negative control reactions were incubated 
under the same conditions as and simultaneously to the enzyme samples. 
After incubation, the lipid fractions were extracted using the same 
protocol as described above. The experiment was done in three 
replicates.

2.6. Product characterization using RP-UHPLC-PDA-HRMS

The enzymatic reaction products were analyzed using a Thermo 
Vanquish UHPLC system (Thermo Fisher Scientific, Pittsburgh, PA, USA) 
equipped with a reversed-phase (RP) Acquity UPLC BEH C18 column 
(2.1 ×150 mm, 1.7 µm particle size; Waters Corporation, Milford, MA, 
USA), a photodiode array detector (PDA), and a Thermo Q Exactive 
Focus Hybrid Quadrupole-Orbitrap Fourier Transform mass spectrom
eter (FTMS) (Thermo Fisher Scientific, Pittsburgh, PA, USA). The auto
sampler was kept at 10 ◦C. The analysis was conducted with a flow rate 
of 350 µL/min, and the column was maintained at 25 ◦C. The mobile 
phase consisted of ultrapure water with 0.01 % acetic acid (Phase A) and 
acetonitrile with 0.01 % acetic acid (Phase B). The elution program 
began with 50 % B from 0 to 1.25 min, followed by a linear gradient to 
90 % B from 1.25 to 51.43 min, and then increased to 100 % B from 
51.43 to 52.68 min. The solvent was held at 100 % B from 52.68 to 
58.90 min, then reduced to 50 % B from 58.90 to 60.21 min, and finally 
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maintained at 50 % B from 60.21 to 66.48 min for equilibration. The 
high-resolution mass spectrometer (HRMS) with a Heated Electrospray 
Ionization (HESI) probe operated in negative ionization mode, with a 
capillary temperature of 250◦C, an ion spray voltage of 2.5 kV, and a 
sheath gas flow rate of 45 psi. Full MS data were collected in discovery 
mode at a resolution of 70,000 over an m/z range of 250–1000. Addi
tionally, Higher-energy Collisional Dissociation (HCD) fragmentation 
data were obtained with normalized collision energy of 45 %. Data 
processing was performed using Xcalibur 4.5 (Thermo Fisher Scientific).

The identification of products from the dioxygenation activity of Bt- 
LOX involved analyzing peaks with specific m/z values corresponding to 
the mass of derived FAHPs from each PUFA. The FAHP peaks were 
confirmed by measuring their absorbance at 234 nm to detect the 
presence of a conjugated diene moiety [21]. The position of the hy
droperoxide in FAHPs was determined based on diagnostic HCD frag
ments resulting from the cleavage of the C–C bond near the 
hydroperoxide group [22,23]. Epoxy alcohols and ketones were identi
fied by analyzing peaks with specific m/z values corresponding to these 
compounds derived from each PUFA. The fragmentation patterns of 
these peaks were then evaluated. Epoxy alcohols were confirmed by 
analyzing the diagnostic HCD fragments resulting from the cleavage of 
the C-C bond near the epoxide and hydroxyl groups, respectively [5]. 
Ketones were confirmed by comparing their retention time (RT) and 
fragmentation pattern with those of standard compounds (13-OxoODE 
and 13-OxoOTrE). Other ketone regioisomers (e.g., 9-oxoODE and 
9-oxoOTrE) were identified by assessing fragments resulting from 
similar cleavage patterns as their regio-isomers. Additionally, ketones 
were further confirmed by measuring their absorbance at 282 nm [8].

2.7. Structure modelling and docking of FAHPs at the binding pocket of 
Bt-LOX

The three-dimensional structure of Bt-LOX was modeled using 
AlphaFold2 with the casp14 settings [24]. Please note that this study 
was conducted before the release of AlphaFold3 [25]. However, a sub
sequent structural comparison between the AlphaFold2 and AlphaFold3 
models of Bt-LOX (Fig. S1) indicated no significant differences in the 
structures of the core domain and identical positioning of the iron atom. 
To visualize how the FAHPs bind within the substrate binding pocket of 
Bt-LOX, molecular docking simulation was performed using Molecular 
Operating Environment (MOE) version 2022.02 (Chemical Computing 
Group, Montreal, QC, Canada). The structures of FAHPs were obtained 
from PubChem to create a library in MOE. Structural preparation of 
FAHPs involved energy minimization and adjustment of proto
nation/deprotonation states. The Amber10:EHT forcefield with default 
setting of MOE was used for energy minimization. Before the docking 
process, iron was added to the Alphafold model of Bt-LOX. The position 
of the iron was confirmed by comparing the docking results to the po
sition of the iron in P. aeruginosa LOX (PDB: 5IR5). The iron was then 
adjusted for valency, and the Bt-LOX-Fe structure was energy minimized 
and prepared by setting the pH to 6.0, ionic strength to 100 mM, and 
temperature to 25 ◦C. Determination of iron-coordinating residues was 
performed by selecting the corresponding residues that were found to be 
coordinated to iron in P. aeruginosa LOX (PDB: 5IR5, sequence identity 
49.6 %). The prepared PUFAs were subsequently docked to the residues 
coordinating with iron (H388, H393, H565, N569, and I685) using tri
angle matcher placement and induced fit refinement settings. Scoring 
was based on London dG scoring, with a more negative S-score indi
cating increased binding affinity between FAHPs and LOX. The docking 
process was conducted in triplicate, with each replicate collecting 30 
poses, and the 5 poses with the lowest S-scores were evaluated. Docked 
poses were selected based on specific criteria, including the lowest 
S-score, Root Mean Square Deviation (RMSD) ≤ 2, and the proximity of 
the hydroperoxide group to the iron.

2.8. Quantum mechanics/molecular mechanics (QM/MM) calculations

Combined QM and MM calculations were applied using the two-level 
ONIOM methodology as implemented in Gaussian 16 B.01 [26]. Input 
structures were prepared starting from Bt-LOX with either 13-HPODE or 
13-αHPOTrE docked in the substrate binding pocket (see previous sec
tion). The complete enzyme-substrate systems were then trimmed to 
only include amino acid residues within a 15 Å radius sphere around the 
iron atom. Subsequently, all free (i.e., not covalently bound) amino acid 
residues in the outer layer of the system, resulting from the trimming, 
were removed. Amino acids at the border of the system were protonated 
to avoid unpaired electron density at the edge of the system (Fig. 2A). In 
all ALA derivatives, the terminal CH3 group was removed to further 
reduce the size of the system. To obtain starting conformations of fatty 
acid alkoxy and epoxyallylic radicals, the O–O bonds of 13-HPODE and 
13-αHPOTrE were manually cleaved, and the resulting free OH radical 
was placed next to the iron atom to obtain an Fe–O distance of ~1.8 Å. 
The starting conformations of the epoxy alcohol and ketone were ob
tained from the optimized geometries of the epoxyallylic and alkoxy 
radicals, respectively. To generate the epoxy alcohol, the OH ligand was 
manually transferred from the iron atom to the C atom adjacent to the 
epoxy group (i.e., C11). To obtain the ketone, both the OH ligand of the 
iron atom and the H atom of C13 were removed. The energy of the 
resulting H2O molecule was calculated separately. In all calculations, 
the iron atom, fatty acid derivatives, and the side chains of the coordi
nating amino acid residues (i.e., His388, His393, His565, Asn569 and 
Ile695) were included in the QM region (Fig. 2B). The rest of the system 
was included in the MM region. The QM region was optimized using the 
ωB97xD functional, using the LANL2DZ basis set for Fe, and the 6–311 G 
(d,p) basis set for all other atoms. The MM region was described by the 
UFF force field [26]. In all structures, a high-spin iron atom was 
assumed, based on previous observations [27,28].

3. Results and discussion

HPI activity has been reported in a few LOXs from different kingdoms 
[5–8], but it has not been documented in bacterial LOX. Here, we 
investigated whether bacterial LOX from Burkholderia thailandensis 
(Bt-LOX) exhibits HPI activity by examining the effects of enzyme con
centration, incubation time, and oxygen level on its catalytic profile 
using three different C18 PUFA substrates.

3.1. Effect of enzyme concentration on HPI activity

The effect of enzyme concentration on the HPI activity of Bt-LOX was 
investigated using three different concentrations: 3, 6, and 9 µg/mL. A 
reaction without enzyme addition was included as a control. The reac
tion products were analyzed using RP-UHPLC-PDA-HRMS, and the 
chromatograms are shown in Fig. 3. The retention times (RT) of the 
resulting products, along with their parent ions and diagnostic frag
ments in MS2 spectra used for identification, are listed in Table S1.

The results showed that Bt-LOX produces 13-HPODE (RT 12.95), 13- 
αHPOTrE (RT 9.92), and 13-γHPOTrE (RT 10.32) as the main FAHP 
products of dioxygenase activity from LA, ALA, and GLA, respectively. 
Examples of MS/MS spectra for dioxygenation regioselectivity deter
mination based on diagnostic fragments are provided in Fig. S2.

Epoxy alcohols, specifically 12(13)-epoxy-11-hydroxy-octadec-9- 
enoic acid (12(13)-Ep,11-HOME) (RT 5.82), 12(13)-epoxy-11-hy
droxy-octadec-9,15-dienoic acid (12(13)-Ep,11-αHODE) (RT 4.46), 
and 12(13)-epoxy-11-hydroxy-octadec-6,9-dienoic acid (12(13)-Ep,11- 
γHODE) (RT 4.97), were detected as the products of HPI activity from 
LA, ALA, and GLA, respectively. Examples of MS/MS spectra for iden
tification of epoxy alcohols based on diagnostic fragments are provided 
in Fig. S3. Moreover, multiple epoxy alcohol isomers were observed for 
all three substrates, as shown in Fig. S4. The chromatograms for ALA and 
GLA suggest the formation of diastereomers, based on their identical 
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MS/MS spectra (Table S1). Notably, the chromatographic profiles indi
cate a clear predominance of one diastereomer, suggesting that the 
enzymatic reaction favors the formation of a specific stereoisomer.

To determine whether Bt-LOX produces ketones from its HPI activity, 
the chromatograms of enzymatic reaction products were compared to 
those of ketone standards (i.e., 13-Oxo-ODE and 13-Oxo-OTrE), as 
shown in Fig. S5. Ketones were observed to elute at nearly the same 
retention time (RT) as their corresponding FAHPs, 13-HPODE and 13- 
HPOTrE, respectively (Fig. S5). Since the full MS spectra of FAHPs 
display both the m/z values of intact FAHPs and their dehydrated forms 
(which match the m/z values of the corresponding ketones), ketone 
identification was conducted by comparing extracted ion chromato
grams of the m/z values of ketones and of intact FAHPs. Based on the 
comparison of these extracted ion chromatograms (Fig. 4), ketones were 
barely detected when LA was used as the substrate, even at the highest 
enzyme concentration, as indicated by the identical peak shapes of the 
m/z values 293.2126 (13-Oxo-ODE) and 311.2231 (13-HPODE). When 
GLA was used as the substrate, a shoulder peak of m/z 291.1973 (13- 
Oxo-γOTrE) was observed at higher enzyme concentrations (≥6 µg/mL), 
indicating that a ketone (13-Oxo-γOTrE) coeluted with FAHP (13- 
γHPOTrE). Similar to the observations with GLA, when ALA was used as 
the substrate, significant amounts of ketone (13-Oxo-OTrE, RT 10.04), 
coeluting with 13-HPOTrE (RT 9.91), were detected at higher enzyme 
concentrations (≥6 µg/mL) (Fig. 4).

The chromatograms in Fig. 3 show that increasing the enzyme con
centration from 3 to 9 µg/mL decreased substrate levels while increasing 
the formation of epoxy alcohols across all substrates tested. These 
findings indicate that a portion of the added Bt-LOX added, typically in 
its ferrous state (LOX–Fe2+), reacts with FAHP (likely formed through 
autoxidation) and is oxidized to its ferric state. The ferric form of Bt-LOX 
exhibits dioxygenase activity, transforming PUFAs into FAHPs by 
reacting with oxygen. Elevated enzyme concentrations accelerate the 
dioxygenation reaction, which inherently increases oxygen consump
tion. Under these conditions, the accumulation of FAHPs and limited 
oxygen availability favor the HPI pathway, which converts FAHPs into 
epoxy alcohols (Fig. 1). HPI activity is more pronounced at higher 
enzyme concentrations due to the greater availability of ferrous Bt-LOX, 
which is required for this reaction. In contrast, at lower enzyme con
centrations, a substantial portion of the enzyme is likely oxidized to the 
ferric state, thereby limiting its capacity to catalyze HPI activity.

In addition to epoxy alcohols, Bt-LOX also produces ketones from its 
HPI activity when using ALA and GLA as substrates at higher enzyme 
concentrations (≥6 µg/mL). Interestingly, ketones were barely detect
able when LA was the substrate. It is possible that, when using LA, ke
tones were formed to some extent but remain too low to detect due to co- 

elution with FAHPs. This substrate-dependent variation in ketone pro
duction has also been observed with the fungal Gaeumannomyces avenae 
LOX [8]. Similar to Bt-LOX, this fungal LOX generates more ketone when 
ALA is used as the substrate compared to LA [8]. Consistent with the 
formation of epoxy alcohols, ketones production from ALA and GLA 
increases with enzyme concentration (Fig. 4). A similar trend of 
increased ketone formation with rising enzyme concentrations has also 
been reported for soybean LOX under anaerobic conditions [13].

In addition to FAHPs, epoxy alcohols, and ketones, other minor 
products were detected in the Bt-LOX reactions (Table S1). These 
include epoxy allylic hydroperoxides, likely produced through oxygen- 
dependent dissociation during enzyme activation, and hydroxy fatty 
acids, which represent the reduced forms of FAHPs.

3.2. Epoxy alcohol vs. ketone formation during the HPI cycle

The variation in the ratios of epoxy alcohol to ketone formation 
among different PUFAs may be influenced by the conformation of their 
hydroperoxides in the enzyme’s active site. To better understand how 
the FAHPs interact with Bt-LOX during HPI catalysis, 13-HPODE, 13- 
αHPOTrE, and 13-γHPOTrE were docked in the substrate binding pocket 
of the Alphafold model of Bt-LOX. The obtained docking poses and pa
rameters are listed in Table S2.

Even though each FAHP can adopt both head-first and tail-first ori
entations within the active site (Table S2), the docking pose most likely 
to represent the HPI reaction was selected based not only on the S-score 
and RMSD (<2 Å), but also on the proximity of the hydroperoxide group 
to the catalytic iron. The selected pose for 13-HPODE, which exclusively 
produces an epoxy alcohol, shows a tail-first orientation. In contrast, the 
selected poses for 13-αHPOTrE and 13-γHPOTrE, which yield both 
epoxy alcohols and ketones, exhibit head-first orientations. The selected 
poses, as shown in Fig. 5, indicate that the hydroperoxide group of each 
FAHP is positioned in close proximity to the iron (4.2–5.4 Å), facilitating 
the homolytic cleavage of the O–O bond to form an alkoxy radical in
termediate, which may subsequently react to a ketone or cyclize into an 
epoxyallylic radical and form an epoxy alcohol through oxygen rebound 
(Fig. 1).

To rationalize the observed difference in products obtained, we 
performed QM/MM calculations to determine the relative energies of 
radical intermediates and products of 13-HPODE and 13-αHPOTrE in 
the substrate binding pocket of Bt-LOX (Fig. S6 and S7). As can be 
observed from Table 1, for both substrates, ketone and epoxy alcohol 
formation are highly exothermic. A clear difference can be observed, 
though, between the relative energies of the final products. Whereas 
epoxy alcohol formation seems to be thermodynamically preferred for 

Fig. 2. QM and MM region (A) and a close-up of the QM region (B) of the Bt-LOX model used in QM/MM calculations, in this example containing the LA alkoxy 
radical as a bound intermediate. Illustrations of QM and MM regions containing other substrates are provided in the Supporting Information. Structures within the 
QM region are shown as tubes, and structures in the MM region are shown as wireframe.
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13-HPODE, ketone formation is thermodynamically favored in the case 
of 13-αHPOTrE. The clear thermodynamic preference of 13-HPODE to 
react to its epoxy alcohol derivative, corroborates with the observation 
that it hardly forms ketones. The fact that, despite a clear thermody
namic preference for ketone formation, 13-αHPOTrE reacts to a mixture 
of epoxy alcohols and ketones, indicates that other kinetic factors may 
also play a role in governing the selectivity. For 13-αHPOTrE, the H–O 
distance for a hydrogen atom transfer from the alkoxy radical to the 
Fe3+–OH is 4.05 Å, whereas the C–O distance for the rebound reaction of 
the epoxyallylic radical is only 3.40 Å (Fig. S7), which indeed hints at a 
kinetic preference for epoxy alcohol formation. We note that detailed 
insights in such kinetic effects would require extensive reaction mech
anism simulations, which is out of the scope of the current study.

3.3. Effect of reaction time on HPI activity

To evaluate the effect of reaction time on HPI product accumulation, 

the lowest enzyme concentration (3 µg/mL), at which low epoxy alcohol 
formation was observed, was used. The HPI activity of Bt-LOX was 
investigated at five time intervals: 0, 30, 60, 90, and 120 min. To 
confirm the stability of FAHPs under the experimental conditions, 
standard 13-HPOTrE was incubated without Bt-LOX under the same 
conditions as the samples for 0 and 120 min. No significant decompo
sition of 13-HPOTrE under these conditions was observed, except for a 
small amount (<2 %) converted to its reduced form, 13-HOTrE (Fig. S8). 
Enzymatic reaction products were analyzed using RP-UHPLC-PDA- 
HRMS, with the chromatograms presented in Fig. S9. The results indi
cated that increasing reaction times led to a decrease in PUFA levels and 
an increase in FAHP formation during the first 60–90 min. However, 
extending the incubation time to 120 min did not significantly affect 
PUFA levels or FAHP formation. Additionally, prolonged reaction times 
slightly elevated the formation of epoxy alcohols across all substrates. 
Nonetheless, at this low enzyme concentration, ketones were barely 
detectable for any of the substrates. Despite the presence of abundant 

Fig. 3. Effect of enzyme concentrations (0, 3, 6, and 9 µg/mL) on the HPI activity of Bt-LOX using three different PUFA substrates: linoleic acid (LA; C18:2 Δ9Z,12Z), 
α-linolenic acid (ALA; C18:3 Δ9Z,12Z,15Z) and γ-linolenic acid (GLA; C18:3 Δ6Z,9Z,12Z). The enzyme and the substrates were dissolved in 100 mM Bis-Tris buffer pH 6.0 
and the reaction mixtures were incubated for 30 min at 30 ◦C. The peaks of the polyunsaturated fatty acid (PUFA) and its corresponding fatty acid hydroperoxide 
(FAHP), ketone and epoxy alcohol (EpOH) are indicated in the figure with red arrows. The highest peak from the compared chromatograms was used as the reference 
of 100 %. Displayed chromatograms are representative chromatograms from experiments involving two biological replicates.
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Fig. 4. Extracted ion chromatograms of the FAHP and ketone products obtained from different PUFAs (LA, ALA and GLA) by the reaction of Bt-LOX. Red lines 
indicate the m/z value of FAHPs while black lines indicate the m/z value of fatty acid ketones.

Fig. 5. Docking poses of three different FAHPs in the substrate-binding pocket of Bt-LOX. The 13-HPODE, 13-αHPOTrE, and 13-γHPOTrE are FAHPs derived from LA, 
ALA, and GLA, respectively. The three-dimensional structure of Bt-LOX was modeled using AlphaFold2. The position of the iron (shown as an orange sphere) was 
docked to the enzyme’s active site prior the docking of FAHPs. The FAHPs (shown as magenta stick) were docked to the substrate binding pocket (shown in light 
grey) using MOE 2022.02. The directions of oxygen insertion from the putative oxygen channel are indicated as blue-dashes line arrows. The distances between the 
hydroperoxide group and the iron are shown as yellow dashed lines.
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FAHPs, epoxy alcohol production did not significantly increase over 
time, apparently due to enzyme inactivation after the first 60 min of 
incubation (Fig. S10). It is possible that the produced FAHPs inhibit and 
inactivate the enzyme, as certain FAHPs have been reported to irre
versibly inhibit 5-LOX from guinea pig and soybean LOX-1 [29–32]. 
Although the exact mechanisms of this inactivation process remain un
clear, it has been proposed that unstable radical intermediates generated 
during the iron atom-catalyzed cleavage of the hydroperoxide group, i.e. 
alkoxy radicals or epoxy radicals, may be responsible for the enzyme’s 
inactivation [30,32].

3.4. Effect of oxygen level on HPI activity

During the enzyme activation, oxygen induces the dissociation of 
radical intermediates leading to generation of ferric enzyme species that 
are active for dioxygenase activity [5], while HPI activity is often 
associated with anaerobic or oxygen-limited conditions [5,7,13]. 
Therefore, modulating the oxygen level was hypothesized to direct the 
reaction pathway, either to dioxygenase or HPI activity. To study the 
impact of the oxygen level, the HPI activity of Bt-LOX was investigated 
under O₂-saturated and O₂-limited conditions. The reaction products 

were analyzed using RP-UHPLC-PDA-HRMS, and the chromatograms 
are shown in Fig. 6. The results showed that under O₂-saturated condi
tions, no formation of epoxy alcohols and ketones from both LA and ALA 
occurred. In contrast, under O₂-limited conditions, significant amounts 
of epoxy alcohols and ketones were formed from both LA and ALA.

Zoomed-in RP-UHPLC-HRMS and UV chromatograms highlighting 
FAHP formation under O₂-saturated conditions and ketone formation 
under O₂-limited conditions are shown in Fig. 7. Under O₂-saturated 
conditions, peaks corresponding to the MS chromatograms of FAHPs 
exhibit absorbance at 234 nm but not at 282 nm, indicating the presence 
of a conjugated diene moiety without a ketone group, confirming these 
peaks as FAHPs. In contrast, under O₂-limited conditions, peaks in the 
MS chromatograms of ketones show absorbance at both 234 nm and 
282 nm, confirming their identity as ketones. When ALA was used as the 
substrate under O₂-limited conditions, a minor amount of FAHP, 
appearing as a shoulder peak at RT 9.82 and coeluting with its corre
sponding ketone, was still detected (Fig. 7).

The absence of epoxy alcohols and ketones in O₂-saturated envi
ronments highlights the critical role of oxygen in steering the Bt-LOX 
reaction toward dioxygenation while suppressing the HPI pathway 
(Fig. 8). Previous studies with eukaryotic LOXs suggested that, during 
the LOX activation process, molecular oxygen readily reacts with alkoxy 
and epoxy allylic radicals, promoting the activation of the enzyme to its 
free ferric form thus inhibiting HPI cycling (Fig. 8) [5,33,34]. On the 
other hand, the significant formation of epoxy alcohols and ketones 
under O₂-limited conditions point to an enhancement of the HPI activity 
of Bt-LOX (Fig. 8).

It appears that the low residual oxygen levels initially present during 
the Bt-LOX reactions support the conversion of PUFAs into their corre
sponding FAHPs, which are subsequently transformed into epoxy alco
hols and ketones due to pronounced HPI activity in an oxygen-limited 

Table 1 
Relative energies (kcal/mol) of the radical intermediates and final products of 
the hydroperoxide isomerase activity of Bt-LOX, as determined using QM/MM 
calculations. The energy of the alkoxy radical is defined as 0.

13-HPODE 13-αHPOTrE

Alkoxy radical 0.0 0.0
Epoxyallylic radical − 30.5 − 52.7
Epoxy alcohol − 106.7 − 90.4
Ketone − 89.4 − 110.0

Fig. 6. Effect of oxygen level on the HPI activity of Bt-LOX using two different PUFA substrates: linoleic acid (LA; C18:2 Δ9Z,12Z) and α-linolenic acid (ALA; C18:3 
Δ9Z,12Z,15Z). The substrate and 9 µg/mL enzyme were dissolved in 100 mM Bis-Tris buffer pH 6.0 and the reaction mixtures were incubated for 60 min at 30 ◦C under 
100 mL/min O2 or N2 flow. The peaks of the polyunsaturated fatty acid (PUFA) and its corresponding fatty acid hydroperoxide (FAHP), epoxy alcohol (EpOH) and 
ketone are indicated in the figure with red arrows. Displayed chromatograms are representative of identical chromatograms from three biological replicates.
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environment. This observation aligns with previous reports suggesting 
that restricted oxygen access within the active site promotes HPI activity 
[5,8]. These findings demonstrate that controlling oxygen levels pro
vides a means to modulate the Bt-LOX activity, directing it toward either 
dioxygenase or HPI activity. Such modulation has the potential to 
expand the enzyme’s applications in various fields. Notably, under 
O₂-limited conditions, we successfully demonstrated the transformation 
of PUFAs into epoxy alcohols and ketones. This represents a significant 
advancement in PUFA derivatization, enabling both dioxygenase- and 
HPI-catalyzed reactions to occur under controlled conditions.

4. Conclusions

This study presents the first report of pronounced HPI activity in a 
bacterial LOX, marking a significant advancement in the field of LOX 
catalysis. Oxygen levels emerged as a key factor in modulating Bt-LOX 
activity: O₂-saturated conditions suppressed HPI activity, whereas O₂- 
limited conditions significantly enhanced it, enabling the efficient 

production of epoxy alcohols and ketones. The variation in the ratios of 
epoxy alcohol to ketone formation among different PUFAs is most likely 
influenced by the ease of hydroxy group rebound from the 
LOX–Fe3+–OH complex to the radical intermediates formed during the 
HPI cycle. Molecular dynamic simulations can be used to clarify further 
the exact mechanisms. The ability of Bt-LOX to catalyze the formation of 
regiospecific FAHPs, along with their epoxy alcohol and ketone de
rivatives, underscores its potential as a versatile biocatalyst. These 
findings provide a foundation for innovative strategies in PUFA deriv
atization and highlight the promise of Bt-LOX for applications in bio
catalysis and green chemistry.
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K. Tunyasuvunakool, R. Bates, A. Žídek, A. Potapenko, A. Bridgland, C. Meyer, S.A. 
A. Kohl, A.J. Ballard, A. Cowie, B. Romera-Paredes, S. Nikolov, R. Jain, J. Adler, 
T. Back, S. Petersen, D. Reiman, E. Clancy, M. Zielinski, M. Steinegger, 
M. Pacholska, T. Berghammer, S. Bodenstein, D. Silver, O. Vinyals, A.W. Senior, 

K. Kavukcuoglu, P. Kohli, D. Hassabis, Highly accurate protein structure prediction 
with AlphaFold, Nature 596 (2021) 583–589, https://doi.org/10.1038/S41586- 
021-03819-2.

[25] J. Abramson, J. Adler, J. Dunger, R. Evans, T. Green, A. Pritzel, O. Ronneberger, 
L. Willmore, A.J. Ballard, J. Bambrick, S.W. Bodenstein, D.A. Evans, C.C. Hung, 
M. O’Neill, D. Reiman, K. Tunyasuvunakool, Z. Wu, A. Žemgulytė, E. Arvaniti, 
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