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The oxygenation of polyunsaturated fatty acids by lipoxyge-
nases (LOX) is associated with a lag phase during which the
resting ferrous enzyme is converted to the active ferric form by
reaction with fatty acid hydroperoxide. Epidermal lipoxygen-
ase-3 (eLOX3) is atypical in displaying hydroperoxide isomer-
ase activity with fatty acid hydroperoxides through cycling of
the ferrous enzyme. Yet eLOX3 is capable of dioxygenase ac-
tivity, albeit with a long lag phase and need for high concentra-
tions of hydroperoxide activator. Here, we show that higher O2
concentration shortens the lag phase in eLOX3, although it
reduces the rate of hydroperoxide consumption, effects also
associated with an A451G mutation known to affect the dispo-
sition of molecular oxygen in the LOX active site. These obser-
vations are consistent with a role of O2 in interrupting hy-
droperoxide isomerase cycling. Activation of eLOX3, A451G
eLOX3, and soybean LOX-1 with 13-hydroperoxy-linoleic acid
forms oxygenated end products, which we identified as 9R-
and 9S-hydroperoxy-12S,13S-trans-epoxyoctadec-10E-enoic
acids. We deduce that activation partly depends on reaction of
O2 with the intermediate of hydroperoxide cleavage, the ep-
oxyallylic radical, giving an epoxyallylic peroxyl radical that
does not further react with Fe(III)-OH; instead, it dissociates
and leaves the enzyme in the activated free ferric state. eLOX3
differs from soybean LOX-1 in more tightly binding the epoxy-
allylic radical and having limited access to O2 within the active
site, leading to a deficiency in activation and a dominant hy-
droperoxide isomerase activity.

Lipoxygenases (LOX)2 are a class of non-heme iron dioxy-
genases that incorporate molecular oxygen into polyunsatu-
rated fatty acids to give fatty acid hydroperoxides (1). Widely
expressed in animals and plants, and also in some bacteria
and fungi, LOX enzymes participate in diverse physiological

and pathological processes. Mammalian 12R-LOX and epi-
dermal lipoxygenase-3 (eLOX3), for example, play an indis-
pensable role in skin barrier formation (2, 3), whereas plant
LOX enzymes are involved in stress responses and develop-
ment (4). A distinctive characteristic of LOX enzymes in gen-
eral is that the resting enzyme requires activation before cata-
lytic reactions with fatty acids and molecular oxygen can
begin (5–7).
Mechanistically, soybean LOX-1 is the most extensively

studied and is generally considered as the prototypical LOX
enzyme. The non-heme iron of soybean LOX-1 exists in two
oxidation states, ferric and ferrous. The ferric enzyme is re-
sponsible for the catalytic activity (8) and preferentially oxy-
genates polyunsaturated fatty acids with an �6 and �9 penta-
diene unit at the “S” face of the �6 carbon, e.g. to convert
linoleic acid to 13S-hydroperoxyoctadecadienoic acid (13S-
HPODE). The ferrous enzyme is inactive with fatty acids but
can react with fatty acid hydroperoxides such as 13S-HPODE
to become the ferric enzyme (9, 10). Because the newly iso-
lated enzyme is usually in the ferrous state, such a reaction
with fatty acid hydroperoxides is required for the enzyme to
enter the catalytic cycle, hence being known as the LOX acti-
vation step. In this activation process, as the proportion of
ferric enzyme gradually increases, the rate of fatty acid oxy-
genation will also increase, manifesting itself in the progress
curve of fatty acid oxygenation as a lag phase (11). A distinc-
tive feature of LOX activation is that it is a single turnover
event; once the enzyme is oxidized to the ferric form, it will
no longer react with fatty acid hydroperoxides (12). Because
of this single-turnover nature of the reaction, the products
from LOX activation are formed in minute amounts and have
not been identified. Although substantial evidence suggests
that an alkoxyl radical is produced in LOX activation (13), the
fate of this alkoxyl radical is poorly understood. Scheme 1
illustrates transformation of a fatty acid hydroperoxide to an
alkoxyl radical as well as subsequent reactions and rearrange-
ment discussed throughout the paper.
eLOX3, on the other hand, is an atypical LOX with a prom-

inent hydroperoxide isomerase activity (14). Using this hy-
droperoxide isomerase activity, ferrous eLOX3 converts fatty
acid hydroperoxides via an alkoxyl radical intermediate to
epoxyalcohols and ketones (Scheme 1). Unlike the single-
turnover LOX activation step, this hydroperoxide isomerase
activity fulfills a catalytic cycle so that the free ferrous enzyme
will be regenerated upon product release. Although previ-
ously unknown, the dioxygenase activity of eLOX3 has re-
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cently been reexamined and uncovered in this laboratory (15).
Using this dioxygenase activity, ferric eLOX3 oxygenates the
synthetic fatty acid, 9E,11Z,14Z-20:3�6, to the specific 9S-
hydroperoxide and oxygenates arachidonic acid to a mixture
of HPETEs including the bis-allylic 7-HPETE. However, we
have found this dioxygenase activity unusual in exhibiting a
pronounced lag phase, which points to a deficiency in eLOX3
activation by fatty acid hydroperoxides. We have also found
that this long lag phase is partially alleviated by introduction
of an Ala-to-Gly mutation at a conserved residue (Ala-451)
that has been implicated in the control of O2 access in the
LOX active site (16–21).
An alkoxyl radical is postulated as a common intermediate

in both the hydroperoxide isomerase cycling pathway and the
single turnover LOX activation step (Scheme 1). O2 is not
involved in hydroperoxide isomerase cycling, but we ques-
tioned whether O2 is directly involved in LOX activation. Ox-
ygen uptake has been observed in aerobic incubations of soy-
bean LOX-1 with fatty acid hydroperoxides (22). The
participation of O2 in LOX activation has also been suggested
in a kinetic study of rabbit reticulocyte 15-LOX (23). If O2 is
involved in activation, we postulated further that a lack of or
limited O2 access in the enzyme active site could be the expla-
nation for both the prominent hydroperoxide isomerase ac-
tivity and the inefficient enzyme activation observed in
eLOX3. To explore these ideas by using kinetic and analytical
chemical approaches, we compared and contrasted the rates
and the products of reactions of soybean LOX-1, the A451G
eLOX3, and wild-type eLOX3 with fatty acid hydroperoxides
at various oxygen concentrations.

EXPERIMENTAL PROCEDURES

Materials—Arachidonic and linoleic acids and methyl es-
ters were purchased from NuChek Prep Inc. (Elysian, MN).
15S-HPETE or 13S-HPODE was synthesized by reacting soy-
bean LOX-1 with arachidonic acid or linoleic acid at pH 9
followed by SP-HPLC purification (24). [18O]13S-HPODE was
synthesized under 18O2 atmosphere (25). Nordihydroguaia-
retic acid (NDGA) was purchased from Cayman Chemical
Co. (Ann Arbor, MI). Triphenylphosphine (TPP) was pur-

chased from Sigma. Soybean LOX-1 was purchased from
Sigma and Cayman Chemical and labeled as type V and
P1-purified, respectively. The enzyme from both sources
gave identical products, although in our hands the enzyme
from Sigma was about 10 times as active as the purified
enzyme from Cayman Chemical Co. (26). The concentra-
tion label in this study refers to the Sigma enzyme assum-
ing 80% purity of the preparation. H2

18O (�95%) was pur-
chased 25 years ago from the Monsanto Research Corp.
(Miamiburg, OH).
Expression and Purification of Human eLOX3—The cDNA

of human eLOX3 with an N-terminal His6 tag was subcloned
into the pCW vector, and the protein was expressed in Esche-
richia coli and purified according to a previously published
protocol (27). The A451G mutagenesis in eLOX3 was per-
formed using QuikChangeTM site-directed mutagenesis kit.
The mutation was verified by DNA sequencing. Then the
A451G eLOX3 was expressed and purified as the wild-type
eLOX3.
Reaction Incubations and Extraction—Initial incubations

were conducted on an analytical scale in 100 mM sodium
phosphate buffer, pH 7.5, at various O2 concentrations at
room temperature and were monitored using a spectropho-
tometer from PerkinElmer Life Sciences. The typical reaction
volume was 1 ml. O2-saturated buffer was made by bubbling
�40 ml of buffer in a 50-ml conical tube with O2 for 30 min.
The O2-saturated buffer was used for the incubations after
the buffer temperature reverted to room temperature. For the
anaerobic incubations, the buffer was rendered anaerobic us-
ing an oxygen-consuming system consisting of glucose, glu-
cose oxidase, and catalase according to a previously published
protocol (26). To verify the results, each anaerobic reaction
was also repeated in N2-saturated phosphate buffer inside a
N2-inflated glovebag in the absence of the glucose-glucose
oxidase-catalase system (26), and identical results were found.
If methyl arachidonate is one of the substrates, sodium deoxy-
cholate (final concentration 1–2 mM) was used to help solubi-
lize the methyl ester. The incubation mixture was acidified to
pH 5 and then extracted using an Oasis HLB cartridge (Wa-
ters Corp.).
For structural identification of the products of LOX activa-

tion by 13S-HPODE, large scale incubations of unpurified
soybean LOX-1 from Cayman Chemical (250 �l of the com-
mercial preparation, catalogue no. 60712) with 13S-HPODE
(66 �M) in the presence of NDGA (80 �M) were performed in
60 ml of air-saturated 50 mM sodium borate, pH 10 buffer, for
15 min. In addition, 20 �l of bovine liver catalase (the com-
mercial preparation, catalogue no. C3155, Sigma) was added
to the incubation to eliminate hydrogen peroxide generated
from NDGA autoxidation (28). Although borate would form a
complex with NDGA and thus reduce the reaction efficiency
(28), we found the reaction was largely complete under the
used conditions. (Other buffers can be used to eliminate this
problem.) The reaction mixture was acidified to about pH 4
and extracted by methylene chloride.
HPLC-Diode Array Analysis—RP-HPLC analysis typically

used a Waters Symmetry C18 column (0.46 � 25 cm), a flow
rate of 1 ml/min, and a solvent system of methanol/water/
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acetic acid (80:20:0.01, by volume). For better resolution of
the epoxyalcohol or epoxyallylic hydroperoxide products,
we performed SP-HPLC analysis using a Beckman Silica
Ultrasphere column (0.46 � 25 cm), a flow rate of 1 ml/
min, and a solvent system of hexane/isopropyl alcohol/
acetic acid (100:2:0.02). The monomeric and dimeric prod-
ucts from the anaerobic reaction of soybean LOX-1 or
A451G eLOX3 can be conveniently separated using a Wa-
ters Symmetry C18 column (0.46 cm � 25 cm), a flow rate
of 1 ml/min, and a solvent system of methanol/water/acetic
acid (95:5:0.01, by volume).
Derivatization and GC-MS Analysis—Free fatty acid prod-

ucts were dissolved in a small volume (20–50 �l) of methanol
and then converted to the methyl ester by adding ethereal
diazomethane. TMS ether derivatives were prepared by treat-
ment with bis(trimethylsilyl)-trifluoroacetamide (10 �l) and
pyridine (2 �l) at room temperature for 2 h. Subsequently, the
reagents were evaporated under a stream of nitrogen, and the
samples were dissolved in hexane for GC-MS.
Analysis of the methyl ester trimethylsilyl ether derivatives

of the products was carried out in the positive ion electron
impact mode (70 eV) using a Thermo Finnigan Trace DSQ
ion trap GC-MS with the Xcalibur data system. Samples were
injected at 150 °C, and after 1 min the temperature was pro-
grammed to 300 °C at 20 °C/min. The spectrum shown for
each compound was averaged from �10 spectra collected
during elution of the GC peak.
ESI-LC-MS—ESI-LC-MS was performed using a Thermo

Finnigan LC Quantum or ion trap instrument. For analysis of
the aerobic reactions of soybean LOX-1 or A451G eLOX3
with 13S-HPODE or 15S-HPETE in the presence of NDGA, a
Waters Symmetry C18 column (0.2 � 15 cm) was eluted with
acetonitrile/water/ammonium acetate (50:50:10 mM) at 0.2
ml/min. Mass spectra were acquired over the mass rangem/z
200–500 at 2 s per scan under the negative ion mode. For
analysis of monomer products from the anaerobic reactions
of soybean LOX-1 or A451G eLOX3 with 13S-HPODE and
arachidonic acid, we used a Phenomenex C18 column (2.6
�m, 0.3 � 10 cm), methanol/water/ammonium acetate (80:
20:10 mM) and a flow rate of 0.3 ml/min. These conditions
were held for 5 min, and a gradient program (from the
weak solvent to pure methanol) was then used to elute the
remaining arachidonic acid substrate and dimer products.
Mass spectra were acquired over the mass range m/z 200–
700 at 2 s per scan under the negative ion mode. For fur-
ther analysis of the dimer products, we used a Phenomenex
C18 column (2.6 �m, 0.3 � 10 cm), a flow rate of 0.3 ml/
min, and a solvent system of methanol/water/ammonium
acetate (90:10:10 mM), with MS detecting negative ions in
the range from m/z 500 to 650. HPLC-diode array analysis
was also performed for each reaction under identical LC
conditions.
NMR—1H and 1H,1H-COSY NMR spectra were recorded

on a Bruker DXR 600 MHz spectrometer at 298 K. The ppm
values were reported relative to residual nondeuterated sol-
vent (� � 7.16 ppm for C6H6).

RESULTS

Effect of O2 Concentration or the A451G Mutation on the
Lag Phase of eLOX3—Our previous study showed that eLOX3
is capable of oxygenating the synthetic fatty acid 9E,11Z,14Z-
20:3�6 to a specific hydroperoxide and that the reaction ex-
hibits a pronounced lag phase during which the enzyme is
slowly activated by trace amounts of fatty acid hydroperoxides
(15). As known with other LOX enzymes (5–7), this lag phase
can be eliminated using exogenous fatty acid hydroperoxide
activators such as 13S-HPODE (15). To elucidate the role of
O2 in eLOX3 activation, first we compared the reactions of
eLOX3 with 9E,11Z,14Z-20:3�6 in air- and O2-saturated
buffer ([O2] �240 �M and �1.2 mM, respectively). We found
a consistently shorter lag phase in O2-saturated buffer than in
air-saturated buffer (Fig. 1, curves b and c). Only the duration
of the lag phase, not the maximal oxygenation rate, was af-
fected. Thus, O2 appeared to promote eLOX3 activation. We
also found that the eLOX3 mutant, A451G eLOX3, shows a
shorter lag phase than wild-type eLOX3 (Fig. 1, curves a and
c). Mutation of Ala to Gly in this position is implicated in oxy-
genation control in many other LOX enzymes (16–21), and

FIGURE 1. Increased O2 concentration or the A451G mutation shortened
the lag phase in the reaction of eLOX3 with 9E,11Z,14Z-20:3�6. Note
that this synthetic fatty acid contains a conjugated diene with strong 235
nm absorbance, whereas the oxygenation product has a conjugated triene
absorbing at 270 nm (15); consequently, reaction is associated with an ab-
sorbance decrease at 235 nm. A, reaction progress curves monitored at 235
nm. Reaction was conducted in sodium phosphate buffer, pH 7.5, at room
temperature and was started by addition of enzyme. Wild-type eLOX3 con-
centration is 0.10 �M. A451G eLOX3 concentration is 0.13 �M. 9E,11Z,14Z-
20:3 �6 concentration is 18 –20 �M. B, statistical bar representation of the
lag phase duration of the reactions in A. The lag phase duration is defined
as the time axis intercept of a straight line through the portion of the reac-
tion progress curve where the rate is maximal (10). The data are presented
as the mean � S.D. For each of the reactions of wild-type eLOX3 in air- and
O2-saturated buffer, n � 4. For the reaction of A451G eLOX3 in air-saturated
buffer, n � 3. p � 0.01 for every pair of reactions.
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the result in Fig. 1 is consistent with this mutation in eLOX3
improving the access of O2 within the enzyme active site.
Effect of O2 Concentration or the A451G Mutation on the

Rate of Reaction of eLOX3 with 13S-HPODE—Fatty acid hy-
droperoxide activators of LOX-catalyzed oxygenation of poly-
unsaturated substrates are consumed in the activation process
(29). This also occurs in 13S-HPODE-activated eLOX3-cata-
lyzed oxygenations, as we demonstrated previously (15). Here,
we studied the influence of O2 concentration or the A451G
mutation on the consumption of 13S-HPODE when incu-
bated by itself with the enzyme. We observed an increased
rate of 13S-HPODE disappearance on shifting from O2-satu-
rated buffer to normoxic buffer, and a further dramatic �9-
fold increase in rate under anaerobic conditions (Fig. 2, curves
b–d). Thus, the initial rate of reaction with 13S-HPODE was
inversely related to the oxygen concentration. We also found

that compared with wild-type eLOX3 in air-saturated buffer,
A451G eLOX3 reacted very slowly with 13S-HPODE (Fig. 2,
curves a and c), a result compatible with improved access to
O2 within the A451G mutant active site.

Although counterintuitive, this inhibitory effect of O2
or the A451G mutation on the rate of 13S-HPODE consump-
tion (Fig. 2) is in fact consistent with its stimulatory effect on
eLOX3 activation (Fig. 1). Because O2 or the A451G mutation
promotes eLOX3 activation, i.e. the single turnover reaction
of ferrous eLOX3 with 13S-HPODE to give ferric eLOX3, it
will necessarily impede the ferrous enzyme cycling pathway,
i.e. the far more productive pathway of 13S-HPODE con-
sumption (cf. Scheme 1).
Identification of the Products in LOX Activation by

13S-HPODE—As noted in the Introduction, for LOX en-
zymes such as soybean LOX-1 that are efficiently activated to
the ferric state, the activation process is a single turnover
event that produces only traces of hydroperoxide-derived
products. NDGA affords an opportunity to obtain the prod-
ucts in LOX activation in large amounts, because it helps re-
generate the ferrous enzyme and thus accelerates transforma-
tion of the activating hydroperoxide (28), in our experiments
of 13S-HPODE (Fig. 5A). Hence, we incubated soybean
LOX-1 with 13S-HPODE in the presence of NDGA and iden-
tified the products by RP- and SP-HPLC, LC- and GC-MS,
and NMR. The keto derivative 13-KODE (product 3 in Fig.
3E) was only a minor product. The major products (1 and 2 in
Fig. 3E) showed end absorbance at 205 nm and similar reten-
tions times on RP-HPLC to C18 epoxyalcohol standards. On
SP-HPLC, products 1 and 2 were further resolved into four
products (products I and II, 23 and 58%, respectively (a ratio
of 28:72), and products Ia and IIa, 6 and 13%, respectively, Fig.
3J). Upon TPP reduction, products I and II were converted to
products Ia and IIa, respectively. LC-MS showed that prod-
ucts Ia and IIa both have the relative molecular mass of 312,
consistent with the structure of a linoleic acid-derived epoxy-
alcohol, and that products I and II both have the relative mo-
lecular mass of 328, which, together with the TPP reduction
experiment, suggests that products I and II are hydroperoxide
counterparts of products Ia and IIa, i.e. epoxyallylic hydroper-
oxides. GC-MS analysis indicated that both products Ia and
IIa are stereoisomers of 9-hydroxy-12,13S-epoxyoctadecenoic
acid (Fig. 4, A and B). 1H and 1H,1H-COSY NMR analysis
confirmed such a structure and further revealed that both
products Ia and IIa contain a trans-epoxide between C-12 and
C-13 (J � 2.0 Hz) and a trans double bond between C-10 and
C-11 (J � 15.5 Hz) (supplemental Fig. S1 and S2). Finally, the
stereochemistry of the 9-hydroxyl in products Ia and IIa was
assigned as 9S and 9R, respectively, based on their order of
elution on silica SP-HPLC (30). Thus, the major products in
the activation of soybean LOX-1 by 13S-HPODE, products I
and II, are 9S- and 9R-hydroperoxy-12S,13S-trans-epoxyocta-
dec-10E-enoic acid, respectively (Scheme 2).

Similarly to soybean LOX-1, A451G eLOX3 barely reacted
with 13S-HPODE alone and NDGA stimulated this reaction
by �90-fold (Fig. 5B). As the reaction proceeded, the enzyme
was quickly and irreversibly inactivated (Fig. 5B). This type of
LOX inactivation has been documented for soybean LOX-1

FIGURE 2. Increased O2 concentration or the A451G mutation decreased
the rate of the reaction of eLOX3 with 13S-HPODE. A, reaction progress
curves monitored at 235 nm. Reaction was conducted in sodium phosphate
buffer, pH 7.5, at room temperature and was started by addition of enzyme.
Wild-type eLOX3 concentration is 0.25 �M. A451G eLOX3 concentration is
0.32 �M. Note that the oxygenation rate of wild-type eLOX3 at 0.25 �M is
similar to the oxygenation rate of A451G eLOX3 at 0.32 �M (Fig. 1). 13S-
HPODE concentration is 52–55 �M. B, statistical bar representation of the
initial rate of the reactions in A. The data are presented as the mean � S.D.
For each of the reactions of wild-type eLOX3 in air- and O2-saturated buffer,
n � 4. For the reaction of wild-type eLOX3 under anaerobic conditions, n �
3. For the reaction of A451G eLOX3 in air-saturated buffer, n � 3. p � 0.01
for every pair of reactions.
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(and is also evident in Fig. 5A) and is partly ascribed to hydro-
gen peroxide generated from reaction of NDGA-derived radi-
cal intermediates with O2 (28). RP-HPLC, SP-HPLC, LC-MS
analyses, and also TPP reduction of the products from the
reaction of A451G eLOX3 in the presence of NDGA revealed
that 13S-HPODE was converted to the same major products I
and II as in the reaction of soybean LOX-1, albeit with a dif-
ferent ratio of 42:58 (Fig. 3I and Scheme 2). On prolonged
incubations with an excess of enzyme, the epoxyallylic hy-
droperoxide products I and II were further converted by
A451G eLOX3 to an epoxyketone compound (9-keto-
12S,13S-trans-epoxyoctadec-10E-enoic acid), which was iden-
tified directly by 1H and 1H,1H-COSY NMR and, following
NaBH4 treatment, by chromatographic comparison with ep-
oxyalcohol standards (data not shown).

For the reaction of wild-type eLOX3 with 13S-HPODE, a
considerable stimulation (�23-fold) was also observed in the
presence of NDGA (Fig. 5C). However, whether NDGA was
present or not, 13S-HPODE was converted to a different set
of products, among which the two most prominent were 13-
KODE (product 3 in Fig. 3) and one stereoisomer of 11-hy-
droxy-12,13S-epoxyoctadec-9Z-enoic acid (product III in Fig.
3, identified by GC-MS in supplemental Fig. S3). Despite this,
careful examination revealed that the epoxyallylic hydroper-
oxides I and II were also present as minor products. On TPP
reduction, these two products were converted to the epoxyal-
cohols Ia and IIa. Importantly, the production of I and II by
wild-type eLOX3 was O2-dependent; under anaerobic condi-
tions, I and II were absent and only 13-KODE and epoxyalco-
hols were produced (Fig. 3F); in air-saturated buffer, I and II

FIGURE 3. RP- and SP-HPLC analysis of the products from the reactions with 13S-HPODE. Analysis of wild-type eLOX3 (A–C and F–H), A451G eLOX3 (D
and I), and soybean LOX-1 following reaction with 13S-HPODE (E and J) is shown. For wild-type eLOX3, O2 concentration was varied in the incubation, from
0 (A and F) to 240 �M (B and G) to 1.2 mM (C and H). For A451G eLOX3 and soybean LOX-1, NDGA was included in the incubation. RP-HPLC analysis used a
Waters Symmetry C18 column (0.46 � 25 cm), a flow rate of 1 ml/min, and a solvent system of methanol/water/acetic acid (80:20:0.01, by volume). SP-HPLC
analysis used a Beckman Silica Ultrasphere column (0.46 � 25 cm), a flow rate of 1 ml/min and a solvent system of hexane/isopropyl alcohol/acetic acid
(100:2:0.02). *, control experiments indicated that this peak was not an enzymatic product.
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constituted 7% of total products (Fig. 3G); in O2-saturated
buffer, the yield of I and II was increased to 11% (Fig. 3H).
Identification of the Products in LOX Activation by

15S-HPETE—Similarly, soybean LOX-1 or A451G eLOX3
reacted with 15S-HPETE in air-saturated buffer in the pres-
ence of NDGA to give a nonspecific mixture consisted of
mainly epoxyallylic hydroperoxides (Fig. 6, A and B, and sup-
plemental Fig. S4). Wild-type eLOX3, on the other hand, gave
a specific epoxyalcohol, threo-13R-hydroxy-14S,15S-trans-
epoxyeicosa-5Z,8Z,11Z-trienoic acid followed by 15-KETE
(Fig. 6C) (14).
Reaction of Soybean LOX-1 or A451G eLOX3 with 13S-

HPODE under Anaerobic Conditions—As already demon-
strated, the conversion of 13S-HPODE by wild-type eLOX3
was dramatically accelerated under anaerobic conditions giv-
ing exclusively epoxyalcohols and 13-KODE (Figs. 2 and 3, A
and F). We questioned whether the same applies to soybean
LOX-1 and A451G eLOX3. The anaerobic reaction of soy-
bean LOX-1 with 13S-HPODE has been extensively investi-

FIGURE 4. GC-MS analysis of products I and II. Mass spectra of the TMS
ether methyl ester derivative of the TPP-reduced major products (product I
and II in Fig. 3) from the reaction of soybean LOX-1 or A451G eLOX3 with
13S-HPODE in the presence of NDGA are shown. A, product I; B, product II.

FIGURE 5. Effect of NDGA on the rates of reaction with 13S-HPODE.
NDGA (20 �M) stimulated the reaction of soybean LOX-1 (0.06 �M, A), A451G
eLOX3 (0.32 �M, B), or wild-type eLOX3 (0.25 �M, C) with 13S-HPODE (55
�M). The incubations were performed in sodium phosphate buffer, pH 7.5,
and initiated by addition of enzyme. NDGA was added at the indicated
point. For the reaction of A451G eLOX3 or soybean LOX-1, a second equal
aliquot of enzyme was added at the indicated point.

SCHEME 2
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gated (31–34), and these findings were confirmed in this
study. The anaerobic conditions afforded only a mild stimula-
tion on the reaction of soybean LOX-1 with 13S-HPODE
alone (22, 34); at submicromolar enzyme concentrations, the
rate of consumption of 13S-HPODE by soybean LOX-1 was
negligible even under anaerobic conditions compared with
wild-type eLOX3. When further stimulated by linoleic acid or
arachidonic acid (which serves as a LOX-reducing agent un-
der anaerobic conditions), the reaction yielded not only ep-
oxyalcohols and 13-KODE but also significant amounts of
C13 aldehydes and fatty acid dimers (supplemental Figs. S5
and S6).
Although considered under “Discussion,” it might be help-

ful to note at this stage that both the anaerobic and aerobic
behavior of soybean LOX-1 and A451G eLOX3 is consistent
with the concept that their reaction with hydroperoxides is
often followed by dissociation of the fatty acid radicals pro-
duced, leaving the enzyme in the activated ferric state and
thus able to oxygenate polyunsaturated substrates, while un-
able to further react with hydroperoxides.
Consistent with this, we found that A451G eLOX3 also

required a LOX-reducing agent to react with 13S-HPODE
under anaerobic conditions (Fig. 7) and gave products qualita-
tively similar to those from soybean LOX-1, yet with one no-

table exception. In addition to epoxyalcohols, 13-KODE, C13
aldehydes, and fatty acid dimers, the reaction of A451G
eLOX3 with 13S-HPODE and arachidonic acid or methyl
arachidonate unexpectedly gave considerable amounts of
(methyl) HETEs (Figs. 8 and 9 and supplemental Figs. S7 and
S8A). These were hydroxy products, not hydroperoxides. The
relative amounts of these HETE products (5-HETE �
9-HETE � 15-HETE � 11-HETE � 8-HETE � 12-HETE)
were consistent with the preference of this enzyme in hydro-
gen abstraction under aerobic conditions (H-7 � H-13 �
H-10) (15), pointing to a similar hydrogen abstraction step
during this anaerobic HETE synthesis. Incubations with 13S-
[18O]HPODE or in H2

18O followed by LC-MS analysis led to
the unexpected finding that the hydroxyl of these HETE prod-
ucts was derived exclusively from water (Fig. 10). The mecha-
nism of formation of these HETE products is considered un-
der “Discussion.” As to the leading question, we concluded
that for soybean LOX-1 or A451G eLOX3, epoxyalcohols and
ketone are formed from 13S-HPODE in better yields anaero-
bically than aerobically, yet the synthesis of these compounds
is prevented by other factors from being the only mechanism
in operation. Their formation may be hindered by spontane-
ous dissociation of the radical intermediates from the enzyme,
see under “Discussion.”

5 10 15

A Ala451Gly eLOX3, air
+ NDGA

B soybean LOX-1, air
+ NDGA

C wild-type eLOX3, air
+ or - NDGA

substrate

substrate

270 nm

UV

235 nm
205 nm

15-KETE

15-KETE

15-KETE

13R-hydroxy-
14S,15S-epoxyalcohol

a mixture
of 4 co-eluting
compounds

a mixture
of 4 co-eluting
compounds

Retention time (min) 
FIGURE 6. RP-HPLC analysis of the products from the reactions with 15S-
HPETE. Products from reactions of 15S-HPETE with A451G eLOX3 (A), soy-
bean LOX-1 (B), and wild-type eLOX3 (C) are shown. RP-HPLC analysis used
a Waters Symmetry C18 column (0.46 � 25 cm), a flow rate of 1 ml/min, and
a solvent system of methanol/water/acetic acid (80:20:0.01, by volume).

FIGURE 7. Progress curves of the anaerobic reactions of A451G eLOX3
(0.23 �M) with 13S-HPODE (90 �M). Reactions were conducted in the ab-
sence or presence of fatty acids (arachidonic acid or methyl arachidonate,
70 �M) in sodium phosphate buffer, pH 7.5, started by addition of enzyme,
and monitored at 280 nm. The anaerobic conditions are described under
“Experimental Procedures.”

FIGURE 8. RP-HPLC analysis of the monomeric products from the anaer-
obic reaction of A451G eLOX3 with 13S-HPODE and arachidonic acid.
RP-HPLC analysis used a Waters Symmetry C18 column (0.46 � 25 cm), a
flow rate of 1 ml/min, and a solvent system of methanol/water/acetic acid
(80:20:0.01, by volume).
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As a control, incubation of wild-type eLOX3 with both 13S-
HPODE and methyl arachidonate under identical anaerobic
conditions showed that 13S-HPODE was converted to the
same set of epoxyalcohols and 13-KODE as in the absence of
methyl arachidonate, whereas methyl arachidonate largely

remained unconverted (supplemental Fig. S8B). This can be
explained if wild-type eLOX3 reacts with 13S-HPODE strictly
through the cycling pathway under anaerobic conditions and
thus remains in the ferrous state when in the free enzyme
form, which is inactive toward methyl arachidonate. Similarly,
A451G eLOX3 failed to metabolize methyl arachidonate
when 12R-HPETE instead of 13S-HPODE was co-incubated
under anaerobic conditions (supplemental Fig. S8C). Unlike
13S-HPODE, 12R-HPETE was converted by A451G eLOX3 to
epoxyalcohol and ketone products (8R-hydroxy-11R,12R-
epoxyeicosa-5Z,9E,14Z-trienoic acid and 12-KETE) whether
O2 is present or not, implying that with 12R-HPETE the hy-
droperoxide isomerase activity of A451G eLOX3 is dominant.
Taken together, these results emphasized the importance of
the enzyme shuttling between the two oxidation states during
the synergistic conversion of (methyl) arachidonate and 13S-
HPODE by A451G eLOX3 or soybean LOX-1.
Reaction of Soybean LOX-1 or A451G eLOX3 with 15S-

HPETE under Anaerobic Conditions—When 15S-HPETE
alone was used as substrate, significant conversion by either
soybean LOX-1 or A451G eLOX3 did occur under anaerobic
conditions (for comparison of rates under aerobic and anaer-
obic conditions, see supplemental Fig. S9). Part of the reason
could be that 15S-HPETE itself serves as a reducing agent to
stimulate the reaction, due to the presence of the C5–C9 and
C8–C12 pentadiene systems on the molecule. Strikingly, for

FIGURE 9. RP-HPLC-UV and LC-ESI-MS analysis of the dimer products from the anaerobic reaction of A451G eLOX3 with 13S-HPODE and arachi-
donic acid. RP-HPLC analysis used a Phenomenex C18 column (2.6 �m, 0.3 � 10 cm), a flow rate of 0.3 ml/min, and a solvent system of methanol/water
(90:10 by volume) containing 10 mM ammonium acetate. MS analysis detected negative ions in the range from m/z 500 to 650. Under these conditions,
arachidonic acid eluted at 3.0 min (data not shown).

FIGURE 10. Mass spectra of 15-HETE formed in the reaction of A451G
eLOX3 with 13S-HPODE and arachidonic acid. A, reaction with [16O]13S-
HPODE in H2

16O. B, reaction with [18O]13S-HPODE in H2
16O. C, reaction with

[16O]13S-HPODE in 83% H2
18O. The mass spectra were obtained in LC-

ESI-MS analysis using a Phenomenex C18 column (2.6 �m, 0.3 � 10 cm), a
flow rate of 0.3 ml/min, and a solvent system of methanol/water (80:20, by
volume), containing 10 mM ammonium acetate. MS analysis detected nega-
tive ions in the range from m/z 200 to 700.
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both soybean LOX-1 and A451G eLOX3, the major product
(�50% yield) is the single epoxyalcohol threo-13R-hydroxy-
14S,15S-trans-epoxyeicosa-5Z,8Z,11Z-trienoic acid (product
IV, Fig. 11, A and B), the same molecule as found in the reac-
tion of wild-type eLOX3 with 15S-HPETE either aerobically
or anaerobically (Figs. 6C and 11C). (The identification of
product IV has been described in detail previously (26).). Yet
unlike in wild-type eLOX3 reaction, besides the epoxyalcohol
and 15-KETE (product V), other products were also present,
including C15 aldehydes (product I), leukotriene-type 8,15-
diols (product II and III), and for soybean LOX-1, two un-
usual 5,15-diols (26). Thus, for soybean LOX-1 and A451G
eLOX3, anaerobic conditions promoted specific epoxyalcohol
synthesis from 15S-HPETE, yet the “perfected” epoxyalcohol
synthesis as catalyzed by wild-type eLOX3 was still not
achieved.

DISCUSSION

In this study, we have demonstrated that O2 is involved in
LOX activation, a central piece of evidence being that O2 itself
is incorporated into the products from LOX activation. Our
study also demonstrates that for eLOX3, the enzyme activa-
tion and the hydroperoxide isomerase activity are in competi-
tion and are reciprocally regulated by O2. To explain the pre-

ponderance of the hydroperoxide isomerase activity over the
enzyme activation in eLOX3 under normoxic conditions, we
propose a model of limited O2 access in its enzyme active site.
For soybean LOX-1, although complexity arises to suggest
that the enzyme activation may occur to some extent even
under anaerobic conditions, O2 if present will penetrate into
the enzyme active site and help maximize the efficiency of
enzyme activation. In a context of enzyme evolution, we sug-
gest that restricting O2 access to the enzyme active site is one
crucial mechanism that enables eLOX3 to develop the unique
hydroperoxide isomerase activity that distinguishes itself from
soybean LOX-1 and other typical LOX enzymes.
Chemical Model of LOX Activation—It has long been rec-

ognized that ferrous ion in aqueous solutions readily induces
homolytic cleavage of the peroxide bond in an alkyl hydroper-
oxide to give an alkoxyl radical and a hydroxide, with itself is
being converted to the ferric ion (35, 36). A polyunsaturated
fatty acid-derived alkoxyl radical usually exists in equilibrium
with an epoxyallylic radical, and the fate of such an alkoxyl/
epoxyallylic radical is usually one of the following: 1) combi-
nation of the epoxyallylic radical with other radicals, favored
in the presence of an efficient radical trap; 2) loss of the �-hy-
drogen from the alkoxyl radical to become a ketone, favored
in the presence of a strong oxidant that helps abstract the
�-hydrogen; 3) carbon-carbon chain cleavage resulting in an
aldehyde and an alkyl radical, favored if a � double bond exists
to help stabilize the alkyl radical fragment (37, 38). Despite
these complexities, the pioneering work led by Gardner and
co-workers (35, 39–41) suggests that in a simple system such
as aqueous ferrous ion, cysteine, and 13S-HPODE, the major
route of the alkoxyl/epoxyallylic radical under aerobic condi-
tions is the combination of the epoxyallylic radical with O2, an
efficient radical trap, followed by hydrogen abstraction to give
epoxyallylic hydroperoxides, which, in the cysteine/Fe(II) sys-
tem, will be further converted to epoxyketones.
Mechanism of LOX Activation—Based on the above chemi-

cal precedence, we suggest for LOX activation a similar mech-
anism from an alkoxyl radical to the epoxyallylic hydroperox-
ide products, with O2 playing the central role as a radical trap.
Yet it merits attention that the ratio of the two epoxyallylic
hydroperoxide products from soybean LOX-1 epimeric at C-9
(28:72, Fig. 3J) is clearly deviated from the ratio of 50:50 as
predicted in the chemical system. We surmise that in LOX
activation the combination of the epoxyallylic radical with O2
occurs largely under the enzymatic control, i.e. within the
enzyme active site where oxygen supplies to the two faces of
the molecule are often unequal. Once produced, these epoxy-
allylic peroxyl radicals will then be released into the solution,
leaving the enzyme in the activated ferric state and free to
react with polyunsaturated fatty acid substrates.
Up to this point, the enzyme activation is complete, yet the

fate of the epoxyallylic peroxyl radical in the solution is uncer-
tain. It is often suggested in the literature that two such ep-
oxyallylic peroxyl radicals in solution would combine by the
Russell mechanism to give epoxyketone, epoxyalcohol, and
singlet oxygen (42) or that the epoxyallylic peroxyl radical
would transfer an oxygen atom to certain susceptible com-
pounds (e.g. to epoxidize a double bond) with itself being con-

1320

FIGURE 11. RP-HPLC analysis of the products from anaerobic reactions
with 15S-HPETE. A, A451G eLOX3. B, soybean LOX-1. C, wild-type eLOX3.
RP-HPLC analysis used a Waters Symmetry C18 column (0.46 � 25 cm), a
flow rate of 1 ml/min, and a solvent system of methanol/water/acetic acid
(80:20:0.01, by volume).
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verted to an epoxyalcohol (13, 43). Although we cannot ex-
clude these possibilities, here we have demonstrated, in
agreement with the chemical model, that the major route for
an epoxyallylic peroxyl radical in solution is to abstract a hy-
drogen atom from a certain source to become an epoxyallylic
hydroperoxide. It might be argued that this could be an arti-
fact brought by NDGA we used in the study to regenerate the
enzyme and thus to amplify the reaction, because NDGA is
also a free radical scavenger. However, we consider this rather
unlikely, because we found in an analogous reaction of
Anabaena LOX that when a large quantity of purified enzyme
instead of NDGA was used, the product pattern of the
Anabaena LOX activation by 9R-HPODE remained largely
unchanged (although in this case, the epoxyallylic hydroper-
oxides were further dehydrated to epoxyketones as in the
chemical model).3 The chemical transformations involved in
LOX activation are summarized in Scheme 2.
Is O2 Required for LOX Activation?—It is natural to ask

whether the observed incorporation of O2 into the products is
necessary for LOX activation/oxidation. An alternative sce-
nario is that the alkoxyl radical is produced in the enzyme
active site and then simply released into the solution resulting
in LOX activation. This study unexpectedly provides two dif-
ferent answers to this question for the two enzymes, eLOX3
and soybean LOX-1, suggesting variability within the LOX
family.
For eLOX3, O2 is required for the enzyme activation, as

suggested by three lines of evidence. First, increasing O2 con-
centration promotes the enzyme activation in the oxygen-
ation of 9E,11Z,14Z-20:3�6 (Fig. 1). Second, the anaerobic
incubation of eLOX3 with 13S-HPODE and methyl arachido-
nate results in the production of exclusively epoxyalcohols
and 13-KODE from 13S-HPODE with no conversion of
methyl arachidonate, the latter suggesting that the enzyme is
never activated to the ferric form under anaerobic conditions.
From a different perspective, for eLOX3, the hydroperoxide
isomerase activity with 13S-HPODE operates at full speed
only when the competing enzyme activation pathway is fully
suppressed under the anaerobic conditions (Fig. 2). Third, in
sharp contrast to the second point, in the presence of O2,
eLOX3 will be activated by 13S-HPODE and will then convert
(methyl) arachidonate into a mixture of (methyl) HPETEs
(15). Given this stringent O2 requirement, we further deduce
that the relative low efficiency of eLOX3 activation is a conse-
quence of limited oxygen access in the enzyme active site.
For soybean LOX-1, however, O2 seems only to help maxi-

mize the efficiency of enzyme activation. Although the hy-
droperoxide isomerase activity as indicated by epoxyalcohol
and ketone synthesis is indeed promoted by the anaerobic
conditions, it is not the only mechanism in operation. That
the enzyme activation/oxidation occurs to some extent even
in the absence of O2 is suggested by two observed transforma-
tions, both ascribed to the ferric enzyme (26, 45, 46). Under
anaerobic conditions and in the presence of 13S-HPODE,
linoleic or arachidonic acid is converted via the corresponding

fatty acid radical to fatty acid dimers (13, 45). And 15S-
HPETE is converted via either C-7 or C-10 centered radicals
to allylic epoxides such as 14,15-LTA4 (Fig. 11B) (25). This
O2-independent enzyme activation is best explained if a frac-
tion of the alkoxyl/epoxyallylic radical intermediate is re-
leased into the solution, probably because of a low affinity of
the enzyme for this radical intermediate, leaving the enzyme
in the activated ferric state. Indeed, some of the released
alkoxyl/epoxyallylic radicals are subsequently trapped in fatty
acid dimers, which have been shown to form in the solution
as opposed to in the enzyme active site (47). Nevertheless, it is
beyond doubt that the efficiency of enzyme activation will be
maximized under aerobic conditions, when the fatty acid hy-
droperoxide is efficiently utilized for enzyme activation with
minimal conversion to epoxyalcohols and ketones.
Effect of the A451G Mutation on eLOX3 Activation—Strik-

ingly, the single amino acid substitution A451G causes
eLOX3 to switch from the hydroperoxide isomerase cycling
pathway to the single turnover enzyme activation pathway in
the reaction with 13S-HPODE or 15S-HPETE. The close re-
semblance of A451G eLOX3 to soybean LOX-1 in the chem-
istry of enzyme activation by 13S-HPODE or 15S-HPETE is
evident either under aerobic conditions or under anaerobic
conditions. To explain this effect of the A451G mutation, we
have considered two possibilities not mutually exclusive. In
the first possibility, this mutation opens up space either di-
rectly (18) or indirectly (48), thereby allowing O2 to react with
the epoxyallylic radical intermediate in the enzyme active site.
Consistent with this possibility is the finding by Cristea and
Oliw (49) that the opposite mutation in the fungal manga-
nese-LOX, G316A, produces the opposite effect, i.e. a switch
from dioxygenase to hydroperoxide isomerase activity. Pre-
sumably, O2 is barred from reacting with the epoxyallylic rad-
ical intermediate when Gly-316 is replaced with Ala in
manganese-LOX.
In the second possibility, the A451G mutation results in a

lower affinity of the enzyme for the alkoxyl/epoxyallylic radi-
cal intermediate, which once released will also lead to enzyme
activation. This will not be unexpected because this residue
lies within the active site and may be directly involved in the
substrate/intermediate/product binding (18, 48). Consistent
with this possibility, the two epoxyallylic hydroperoxide prod-
ucts from 13S-HPODE are in a ratio of 42:58 (cf. 28:72 in soy-
bean LOX-1) and thus may derive comparatively more from
combination of the epoxyallylic radical with O2 in the solu-
tion. Also, as already explained for soybean LOX-1, the for-
mation of dimers containing an epoxyallylic structure in the
anaerobic reaction of A451G eLOX3 with 13S-HPODE and
arachidonic acid (Fig. 9) is strong evidence for the occurrence
of the alkoxyl/epoxyallylic radical leakage.
It should be emphasized, however, that this switch to the

enzyme activation pathway does not apply to every fatty acid
hydroperoxide. 12R-HPETE, for example, is still predomi-
nantly converted to an epoxyalcohol and 12-KETE by A451G
eLOX3. This probably explains why this mutation only par-
tially alleviates the pronounced lag phase exhibited by wild-
type eLOX3 in fatty acid oxygenation (Fig. 1) (15).3 Y. Zheng and A. R. Brash, unpublished observations.
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In summary, the A451G mutation is associated with dimin-
ished hydroperoxide cycling and more efficient activation.
Possible explanations are an enhanced availability of O2 in the
active site, allowing O2 to more efficiently intercept the initial
product of hydroperoxide cleavage (the epoxyallylic radical),
forming the epoxyallylic peroxyl radical, which tends to disso-
ciate from the active site, leaving the enzyme in the activated
ferric state and/or the epoxyallylic radical binds less tightly in
the A451G mutant, and more readily leaves the active site.
Either way, the consequence is a shorter lag phase in the
A451G mutant and less consumption of hydroperoxide
through hydroperoxide isomerase cycling.
Novel Mechanism of HETE Synthesis—In this study, the

anaerobic reaction of A451G eLOX3 with 13S-HPODE and
(methyl) arachidonate unexpectedly gives significant amounts
of HETEs. LOX enzymes are known to operate through free
radical mechanisms. The free radical nature of this HETE
synthesis is also suggested by the product pattern (5-HETE �
9-HETE � 11-HETE � 15-HETE � 8-HETE � 12-HETE)
that is consistent with the preference of this enzyme in hydro-
gen atom abstraction (H-7 � H-13 � H-10) (15). Thus, it
seems paradoxical that the HETEs generated in a free radical
reaction derive the hydroxyl group from water, which is often
considered as evidence for an ionic mechanism.
We suspect that what is actually incorporated into the

HETE products is the hydroxide ligand of the non-heme fer-
ric iron in the enzyme active site rather than water in the bulk
solvent. The hydroxide ligand of the non-heme iron can be
conceived as a trapped hydroxyl radical, and its combination
with an arachidonate carbon radical to give HETEs seems
feasible on chemical grounds. (In fact it mimics the rebound
hydroxylation step in the hydroperoxide isomerase cycle pro-
ducing epoxyalcohols (14).) Notably, for HETE synthesis this
mechanism necessitates two molecules of the ferric enzyme to
generate one molecule of HETE. The first molecule of ferric
enzyme abstracts a hydrogen from arachidonic acid to gener-
ate the corresponding carbon radical and then releases it into
the solution; this released arachidonic acid radical then
fetches the trapped hydroxyl radical from a second molecule
of ferric enzyme and becomes the final HETE product. In ad-
dition, this mechanism assumes that the hydroxide ligand of
the non-heme iron readily exchanges with water in the bulk
solvent (44, 50). It would be of interest to further investigate
the mechanism of this unusual HETE synthesis. Also, it re-
mains to be ascertained whether this type of HETE synthesis
is unique to A451G eLOX3 or is general among LOX en-
zymes. In the anaerobic reaction of soybean LOX-1 with
arachidonic acid and 13S-HPODE, 15-HETE, and 11-HETE
were also observed among the minor products, but the origin
of the hydroxyl group in these HETE products was not inves-
tigated here due to their minute amounts.
Conclusions—In this study, we have established the role of

O2 in LOX activation and elucidated the chemistry involved
(Fig. 12). The key event leading to LOX activation is dissocia-
tion of a ferric LOX-radical intermediate complex. O2 facili-
tates this dissociation and arrests the competing hydroperox-
ide isomerase cycling pathway by reacting with the
epoxyallylic radical intermediate to give an epoxyallylic per-

oxyl radical, which, due to its limited reactivity within the
enzyme active site, will leave the enzyme resulting in enzyme
activation.
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