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Oxygenation mechanism
Cyclooxygenases (COX) and 8R-dioxygenase (8R-DOX) activities of linoleate diol synthases (LDS) are homologous
heme-dependent enzymes that oxygenate fatty acids by a tyrosyl radical-mediated hydrogen abstraction and
antarafacial insertion of O2. Soybean lipoxygenase-1 (sLOX-1) contains non-heme iron and oxidizes 18:2n−6
with a large deuterium kinetic isotope effect (D-KIE). The aim of the present workwas to obtain furthermechanis-
tic insight into the action of these enzymes by using a series of n−6 and n−9 fatty acids and by analysis of D-KIE.
COX-1 oxidized C20 and C18 fatty acids in the following order of rates: 20:2n−6>20:1n−6>20:3n−9>20:1n−9
and 18:3n−3≥18:2n−6>18:1n−6. 18:2n−6 and its geometrical isomer (9E,12Z)18:2 were both mainly oxy-
genated at C-9 by COX-1, but the 9Z,12E isomer was mostly oxygenated at C-13. A cis-configured double bond in
then−6position therefore seems important for substrate positioning. 8R-DOXoxidized (9Z,12E)18:2 at C-8 in anal-
ogywith 18:2n−6, but the 9E,12Z isomerwasmainly subject to hydrogen abstraction at C-11 and oxygen insertion
at C-9 by 8R-DOX of 5,8-LDS. sLOX-1 and 13R-MnLOX oxidized [11S-2H]18:2n−6 with similar D-KIE (~53), which
implies that the catalytic metals did not alter the D-KIE. Oxygenation of 18:2n−6 by COX-1 and COX-2 took place
with a D-KIE of 3–5 as probed by incubations of [11,11-2H2]- and [11S-2H]18:2n−6. In contrast, the more energet-
ically demanding hydrogen abstractions of the allylic carbons of 20:1n−6 by COX-1 and 18:1n−9 by 8R-DOXwere
both accompanied by large D-KIE (>20).

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Polyunsaturated fatty acids can be oxygenated to important biological
mediators. The first steps are usually catalyzed by fatty acid dioxygenases
(DOX),which include heme-dependent DOX and lipoxygenases (LOX), or
by monooxygenases (cytochromes P450) [1–4]. DOX contain heme and
LOX non-heme iron (or rarely manganese). The DOX prototype is prosta-
glandin H (PGH) synthase-1, often designated cyclooxygenase (COX-1),
and the most thoroughly studied LOX are soybean LOX-1 (sLOX-1), and
human 5-LOX. In humans, COX and 5-LOX oxidize 20:4n−6 to
prostaglandins and leukotrienes, respectively, which can activate
G-protein coupled receptors in control of physiological functions,
fever, inflammation, and development of cancer [3,4]. The versatile
genase; DOX, dioxygenase;
droxyeicosatetraenoic acid;
roperoxyoctadecenoic acid;
adecenoic acid; D-KIE, deu-
graphy; LDS, linoleate diol
metry; NP, normal phase;
enoic acid; PGH, prostaglan-
l vesicles; sLOX, soybean

: +46 184714847.
).
H
H
H
te
s
[1
d
li
l rights reserved.
function of eicosanoids has inspired the development of enzyme inhibi-
tors and receptor agonists and antagonists [3,4]. In plants and fungi, the
products of fatty acidDOXpathways, often referred to as oxylipins, partic-
ipate in plant defence and fungal development and pathogenicity [2,5–7].
These oxylipins are formed by LOX or by heme-dependent DOX, viz.,
α-DOX of plants, and linoleate diol synthases (LDS) and related enzymes
of fungi [2,6,8].

The LOX family constitutes homologous enzymes with a single
peptide chain, folded into a small N-terminal β-barrel domain and a
C-terminal domain with the catalytic metal [1,9]. All LOX contain cata-
lytic iron except two enzymes with manganese [10,11]. The metal
center redox cycles in a process of proton-coupled electron transfer
from the C\H bond of a bis-allylic carbon to the catalytic base of the
metal center (Fe3+OH−), followed by antarafacial insertion of molecu-
lar oxygen [1]. The hydrogen abstraction is characterized by a large deu-
terium kinetic isotope effect (D-KIE) of ~80 [12]. Whether the D-KIE
differs between Fe- and MnLOX is unknown. Differences in zero point
energies and tunneling contribute to the D-KIE [13]. The zero point en-
ergy accounts for the 5- to 10-fold reduction of the reaction rate, which
is due to the difference of activation energy needed for breaking C\H
and C\D bonds (~1 kcal/mol). Larger D-KIE (>20) can be explained
by hydrogen tunneling through the energy barrier, and this has been
demonstrated for sLOX-1 by Klinman and co-workers [12,14]. The
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extent of tunneling during sLOX-1 catalysis is influenced by structural
fluctuations and dynamic effects, as shown by these authors [14].

The heme-dependent DOX are homologous to animal heme peroxi-
dases, and share fundamental catalytic properties [5,8,15]. Oxidation of
the heme group of COX, α-DOX, and LDS generates in a peroxidase
cycle a tyrosyl radical (Tyr•), which catalyzes hydrogen removal. Tyr• of
COX-1 abstracts the proS hydrogen at C-13 of 20:4n−6, and this occurs
with a D-KIE of ~2–3 at 20–30 °C [1,4,16], whereas Tyr• of α-DOX
abstracts hydrogen of palmitate with a D-KIE of ~54 [17]. A large D-KIE
(>20) was also reported for COX-2 with perdeuterated 18:2n−6 as a
substrate [18]. 7,8- And 5,8-LDS are fusion proteins of N-terminal
domains with 8R-DOX activities and C-terminal P450 domains with diol
synthase activities [19,20]. The Tyr• of 8R-DOX of 7,8- and 5,8-LDS
abstracts the proS hydrogen from the allylic position at C-8 of 18:2n−6
and 18:1n−9 [5,15,21], whereas the heme-thiolate abstracts the proS
hydrogens at C-7 and C-5, respectively [5,21]. Recently, 5,8-LDS of
Aspergillus nidulans1 was found to catalyze these oxidations at C-8 and
at C-5 of 18:1n−9 with D-KIE ~33 and ~1.1, respectively [22].

sLOX-1 and COX-1 oxidize 20:4n−6 with more than a 10-fold differ-
ence inD-KIE. This large difference is enigmatic, but could be due to kinet-
ic factors, variable transitional complexes, and hydrogen donor–acceptor
distances [16]. The C\H bond dissociation enthalpies of bis-allylic and
allylic carbons are ~73 and~87 kcal/mol, respectively [23], and this differ-
ence may influence the magnitude of the D-KIE. Suboptimal substrates
may have higher D-KIE than native substrates due to steric factors.

The catalytic base of sLOX-1, Fe3+OH−, is restricted to hydrogen
abstraction from bis-allylic carbons [24], whereas Tyr• of both COX-1
and LDS can oxidize allylic carbons [25]. Based on the large D-KIE of
LOX, we hypothesized that a larger D-KIE of COX-1 and LDS might be
observed during activation of C\H at singly allylic than bis-allylic posi-
tions since the contribution of hydrogen tunneling to the reaction rate is
likely larger in reactions, which require more energy.

The first goal was to investigate mono- and polyunsaturated fatty
acids and stereoisomers of 18:2n−6 as substrates of COX-1, 8R-DOX,
and sLOX-1. The second goal was to determine the D-KIE during hydro-
gen abstraction and oxidation of bis-allylic carbons by COX-1 and
COX-2, and allylic carbons by COX-1 and 8R-DOX. The third goal was to
compare the D-KIE of LOX with Fe3+OH− and Mn3+OH− as catalytic
bases.
2. Materials and methods

2.1. Materials

HPLC solvents (Lichrosolve) and routine chemicals were fromMerck.
18:1n−9 (99%), 20:1n−6 (99%), 20:1n−9 (99%), 20:4n−6 (99%), and
[13C18]18:2n−6 were from Larodan. 18:1n−6 (99%), (9E,12Z)- and
(9Z,12E)-18:2, 9R,S-HODE(10E,12E) and 9S-HODE(10E,12E) were from
Lipidox. [11S-2H]18:2n−6 was prepared as described [5,26]. 20:3n−9
(99%) and purified ovine COX-2 (4.1 kU/mg) were from Cayman.
18:3n−6, 18:2n−6, (9E)-18:1, hematin, N-hydroxyphthalimide, ceric
ammonium nitrate, lipoxidase type 5 (sLOX-1), and α-tocopherol were
from Sigma-Aldrich. Fatty acids were dissolved in ethanol and stored in
stock solutions (30–100 mM) at −20 °C. Photooxidation of [13C18]
18:2n−6 was performed withmethylene blue in methanol. Microsomes
of ram seminal vesicles (RSV) were prepared as described [27]. Recombi-
nant 8R-DOX domains (5,8-LDS, residues 1–674 of Aspergillus fumigatus;
7,8-LDS, residues 1–673 of Gaeumannomyces graminis) were expressed
in Escherichia coli [20], and referred to as 8R-DOX of 5,8- and 7,8-LDS.
Full-length 5,8- and 7,8-LDS were expressed in E. coli [20]. Chiralcel
OB-H (250×4.6 mm; Daicel) was purchased locally (Dalco Chromtech).
Recombinant 13R-MnLOX was prepared as described [24].
1 5,8-LDS is also designated psi producing oxygenase A (ppoA) [19].
2.2. Synthesis of mono- and dideuterated fatty acids

2.2.1. [11,11-2H2]18:2n−6
2-Octynoic acid (9.2 g; Sigma-Aldrich) was refluxed for 1 h with

200 ml of methanol containing 2 ml conc. hydrochloric acid. The
resulting methyl ester (8.9 g) was dissolved in 30 ml of diethyl ether
and slowly added at 0 °C under magnetic stirring to a suspension of
1.8 g LiAlD4 in 50 ml of diethyl ether. After stirring at 0 °C for 1 h, the re-
action was quenched by slow addition of tetrahydrofuran/water and the
alcohol (7.8 g)was isolated by extractionwith diethyl ether. Thematerial
was dissolved in 50 ml of diethyl ether containing 1 ml of dry pyridine.
PBr3 (8.1 g)was slowly added at 0 °C undermagnetic stirring, and the so-
lution was subsequently refluxed for 1.5 h. [1,1-2H2]1-bromo-2-octyne
(7.9 g; yield, 63%) was obtained following purification on a silica gel col-
umn (elution with hexane). [1,1-2H2]1-bromo-2-octyne (1.91 g) and
methyl 9-decynoate (1.82 g) were stirred at 23 °C for 3 h with 1 eq. of
CuI, 2 eq. of NaI, and 2 eq. of Cs2CO3, suspended in 30 ml of dry N,
N-dimethylformamide (cf. [28]). After quenching with ammonium
chloride, extraction with diethyl ether, drying over MgSO4 and chroma-
tography on silica gel, the methyl ester of the title compound was
obtained in >90% yield. Part of this material (584 mg) was subjected to
semihydrogenation using P-2 nickel [29] and purified by RP-HPLC. An
aliquot of the deuterated methyl 9Z,12Z-octadecadienoate (184 mg)
was saponified, and the free acid purified by RP-HPLC. This afforded the
title compound (89 mg) as a colorless oil (purity >98%). The isotope
composition as determined by GC–MS was 94.3% dideuterated, 5.1%
monodeuterated, and 0.6% undeuterated molecules.

2.2.2. [8,8-2H2]18:1n−9
8-Hydroxyoctanoic acid, prepared by alkali treatment of 8-

bromooctanoic acid (Sigma-Aldrich), was treated with dihydro
pyran/p-toluenesulfonic acid to provide the tetrahydropyranyl ester/
ether derivative. This material (5.99 g) in 100 ml of THF was
refluxed with LiAlD4 (3 g) for 2 h, and the deuterated 8-
tetrahydropyranyloxy-1-octanol (4.47 g) was sequentially treat-
ed with methanesulfonyl chloride/triethylamine and sodium
iodide to afford 8-tetrahydropyranyloxy-1-iodooctane (3.63 g;
yield, 58%). An aliquot of this material (1 g; 2.9 mmol) in 5 ml
of THF was added to the lithio derivative of 1-decyne (9 mmol)
in 15 ml of THF and 5 ml of DMPU at 0 °C. The mixture
was stirred at 0 °C for 2.5 h, quenched with ammonium chloride
and extracted with diethyl ether. The resulting deuterated 1-
tetrahydropyranyloxy-9-octadecyne was deprotected by treatment with
p-toluenesulfonic acid, and the deuterated acetylenic alcohol (0.65 g;
2.43 mmol) was oxidized with pyridinium dichromate in N,N-
dimethylformamide [30]. Semihydrogenation of the methyl ester using
P-2 nickel [29], saponification, and purification by RP-HPLC afforded the
title compound as a colorless oil (0.26 g; purity, >98%; >96% deuterated
molecules; yield from the deuterated acetylenic alcohol, 38%).

2.2.3. [13,13-2H2]20:1n−6
12-Bromo-1-dodecanol (1 g; Sigma-Aldrich) was treated with

dihydropyran/p-toluenesulfonic acid to afford 1-bromo-12-tetra-
hydropyranyloxy-dodecane (1.3 g; yield, 99%). The Grignard derivative
of this material (3.7 mmol) in 5 ml of THF was stirred at 23 °C
for 5 min with 60 μmol of dilithium tetrachlorocuprate(II) and then
stirred for further 3 h following addition of 764 mg (4 mmol) of
[1,1-2H2]1-bromo-2-octyne. Extractive isolation with diethyl ether, re-
moval of the tetrahydropyranyl blocking group by treatment with p-
toluenesulfonic acid and chromatography on a silica gel column afforded
material (0.54 g) consisting of the desired deuterated 14-eicosyn-1-ol
admixed with a branched chain rearrangement product, ratio ~1:2. An
aliquot of themixturewas oxidized by treatmentwithpyridiniumdichro-
mate inN,N-dimethylformamide [30], and pure deuterated 14-eicosynoic
acid (70 mg)was obtained following RP-HPLC. Semihydrogenation of the
methyl ester using P-2 nickel [29], saponification to the free acid, and
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purification by RP-HPLC afforded the title compound (45 mg; purity
>98%; >96% deuterated molecules).

2.2.4. [11R-2H] (9Z,12E)-18:2
A recently describedmethodwas used [26]. Briefly, the epoxy alcohol

methyl 11R,12R-epoxy-13S-hydroxy-9Z-octadecenoate (300 mg) was
stirred with LiAlD4 in diethyl ether affording trideuterated 12S,13S-
dihydroxy-9Z-octadecenol. The threo-triol was sequentially converted
into the title compound followingmonoacetylation of the primary alcohol
function, conversion into the cyclic thionocarbonate derivative, stereo-
specific deoxygenationof the thionocarbonate, oxidationwithpyridinium
dichromate inN,N-dimethylformamide, and purification by RP-HPLC. The
material obtained (purity >98%) was free from the 9Z,12Z-, 9E,12Z- and
9E,12E-octadecadienoate geometrical isomers as checked by GLC analysis
of the methyl ester.

2.3. Autoxidation of 20:1n−6 and [13,13-2H2]20:1n−6

5 mg 20:1n−6 and 0.2 mg α-tocopherol were treated with N-
hydroxyphthalimide (0.8 eq.) and ceric ammonium nitrate (0.2 eq.) in
acetonitrile (0.2 ml) under oxygen at 37 °C. [13,13-2H2]20:1n−6
(5 mg) was oxidized in the same way. The reaction was followed by
TLC and terminated by extractive isolation after 3–4 days, when >50%
of 20:1n−6 was consumed. The products were separated by RP-HPLC
(methanol/acetonitrile/water/acetic acid, 450/310/240/0.2) in three
groups (13-HPEME, 16-HPEME, and mixture of 14- and 15-HPEME).

2.4. COX-1 activity assay by oxygen consumption

AYSImodel 5300 biological oxygenmonitorwas usedwith a jacketed
cell (1.5 ml; OX-15253, Gilson), an YSI 5331 oxygen probe, standard
sensitivity membranes, and amagnetic stirrer. The cell was thermostated
at 30 °C. Pre-warmed buffer (0.05 M Tris–HCl (pH 8.0 at 25 °C)/1 μMhe-
matin) at 30 °C and suspended microsomes of RSV on ice were added to
the cell, and allowed to equilibrate for at least 2 min. The reactionwas ini-
tiated by addition of fatty acids in ethanol through the stopper to a final
concentration of 100 μM and oxygen consumption was followed for a
few minutes. The oxygen monitor was connected to an integrator
(Hitachi-Merck D-2500). Km of COX-1 and 20:1n−6 was estimated in
triplicates by non-linear regression to the Michaelis–Menten equation
with 10–300 μM 20:1n−6 (GraFit software).

2.5. Enzyme assays by LC–MS and UV spectroscopy

2.5.1. COX-1
For structural analysis of products,microsomes of RSVwere incubated

with 100 μM fatty acids in 0.1 M KHPO4 buffer (pH 7.4)/2 mM EDTA
for 30 min (37 °C). The reaction was stopped by addition of ethanol
(4 vols.) and proteins were precipitated by centrifugation. The superna-
tant was evaporated to dryness and the products were then extracted
(SepPak/C18). Fatty acid hydroperoxides were reduced in some experi-
ments to alcohols by treatment with triphenylphosphine or with NaBH4.

2.5.2. 8R-DOX
Recombinant 8R-DOX of 5,8- and 7,8-LDS were incubated in

0.05 M Tris–HCl (pH 7.6)/5 mM EDTA/10% glycerol with 100 μM
(9E,12Z)18:2, (9Z,12E)18:2, and (9E)18:1 for 30 min on ice, and the
products were extracted (SepPak/C18) for LC–MS analysis.

2.5.3. sLOX-1
sLOX-1 (4–7 μM) was incubated with 200 μM (9E,12Z)18:2 or

with 200 μM [11R-2H] (9Z,12E)18:2 in 0.1 M NaBO3 (pH 9.0; 23 °C),
and the reaction was followed by UV analysis (235 nm) as described
[24]. The products formed from 200 μM (9E,12Z)18:2 were analyzed
by chiral phase-HPLC (Reprosil Chiral AM) after addition of a small
amount of 9-and 13-[13C18]HODE.
2.6. Assays of non-competitive D-KIE

2.6.1. COX-1
We first compared the oxygen consumptions of COX-1 with

18:2n−6, [11S-2H]18:2, [11,11-2H2]18:2n−6, 20:1n−6 and
[13,13-2H2]20:1n−6 as substrates. As the D-KIE of the latter was
too large for quantification, we assayed the non-competitive D-KIE
with LC–MS/MS. Microsomes of RSV (COX-1) were incubated in the
same way as for analysis of oxygen consumption above (triplicate
at 30 °C for 150 s) with 100 μM 20:1n−6 and with 100 μM
[13,13-2H2]20:1n−6. The reactions were ended by addition of meth-
anol with the internal standard (0.3 μg 13-HODE), hydroperoxides
were reduced by NaBH4, and the products were extracted as above
and analyzed by LC–MS/MS (13-HODE, m/z 195; 13- and 15-HEME,
m/z 225 and 227; [2H]13- and [2H]15-HEME, m/z 226 and 228).
2.6.2. COX-2
We compared the rate of oxidation of 100 μM 18:2n−6, 100 μM

[11S-2H]18:2, and 100 μM [11,11-2H2]18:2n−6 by COX-2 (12 μg) in
triplicates in 0.5–1 ml 0.05 MTris–HCl (pH8.0)/5 mMEDTA/1 μMhema-
tin (30 °C; 3 min). The reactions were initiated by the addition of COX-2
and terminated by methanol. 13-HOTrE (125 ng) was added as an inter-
nal standard and hydroperoxides were reduced to alcohols by NaBH4 in
methanol (+4 °C). The main products, 9-HODE and [11R-2H]9-HODE
(cf. [31]), respectively, were analyzed after extractive isolation as above
by LC–MS/MS with monitoring of the internal standard (m/z 195) and
m/z 171 fromMS/MS analysis ofm/z 295 and 296, respectively.
2.6.3. 8R-DOX
Recombinant 8R-DOX of 5,8- and 7,8-LDS were incubated with

100 μM18:1n−9 and [8,8-2H2]18:1n−9 in triplicate on ice and the reac-
tions were ended (after 1–3–10 min and 3–10–30 min, respectively) by
addition of methanol with the internal standard (0.3 μg 13-HODE).
Hydroperoxides were reduced with NaBH4 on ice, and the products
were isolated on a cartridge of C18 silica (SepPak/C18). For LC–MS/MS,
we monitored the internal standard at m/z 195, 8-HODE at m/z 157, and
[2H]8-HODE atm/z 158.
2.6.4. sLOX-1 and 13R-MnLOX
The sLOX-1 and 13R-MnLOX activities were assayed in 0.1 M NaBO3

buffer (pH 9.0; 23 °C) with UV analysis as described [24]. Dilutions of
sLOX-1 and 13R-MnLOXwerefirst titrated to oxidize 18:2n−6 at virtual-
ly the same rate, and we then compared the rates of oxidation of 100 μM
[11S-2H]18:2n−6.
2.7. HPLC and MS analyses

RP-HPLC-MS/MS analysis was performed on an octadecasilyl silica
column (5 μm, 100 Å, 150×2 mm; Phenomenex), which was eluted at
0.3 ml/min with methanol/water/acetic acid, 80/20/0.01. CP-HPLC-MS/
MS analysis of hydroxyl fatty acids was performed on Chiralcel OB-H
(250×4.6 mm), eluted at 0.5 ml/min with hexane/isopropyl alcohol/
acetic acid, 95/5/0.01, or on Reprosil Chiral AM (250×2 mm), eluted at
0.2 ml min with hexane/ethanol/acetic acid, 95/5/0.01. The effluents
from the columns were combined with isopropyl alcohol/water (3/2)
from a second HPLC pump and then introduced by electrospray into a
linear ion trapmass spectrometer (LTQ, ThermoFisher). The transfer cap-
illary was heated to 315 °C, the ion isolation width was set at 1.5 for
anions of hydroxy fatty acids and 5 for anions of hydroperoxy fatty
acids and 1.5 at the final selection of MS3 analysis. The collision energy
was set at 1.7 V, and the ion tube lens at−110 to−130 V. We recorded
five microscans and used the Gaussian algorithm for peak smoothing
(Xcalibur software). Prostaglandin F1α was infused for tuning.
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2.8. Steric analysis after ozonolysis

Steric analysis of HODE and HEME methyl esters was performed
by derivatization into (−)-menthoxycarbonyl derivatives followed
by GC–MS analysis of diastereomeric short chain fragments prepared
by oxidative ozonolysis and methylation [32].

3. Results

3.1. Oxygenation of C18 and C20 fatty acids of the n−6 series by COX-1

18:2n−6 binds to the active site of COX-1 in analogy with 20:4n−6
[33]. 18:2n−6was rapidly oxidized by COX-1 [34], and sowas 18:3n−6
(Fig. 1A). In analogywith 18:2n−6, 18:3n−6was converted to 9-HOTrE
as the main metabolite and to small amounts of 13-HOTrE (LC–MS/
MS analysis; Fig. 2A). A minor polar metabolite yielded a MS/MS
spectrum, which was identical to the MS/MS spectrum of dinor-
PGE1 (Fig. 2B), reported by Murphy et al. [35]. 18:1n−6 was oxi-
dized at a slower rate than 18:3n−6 (Fig. 1A). Products formed
from 18:1n−6 were described previously (11-HOME(12Z) and
13-HOME(11E) in a ratio of ~4:1 [24]). Steric analysis by analysis of
chiral fragments demonstrated optically pure 11S-HOME, ~93%
13S-HOME and ~7% 13R-HOME.

20:1n−6 was oxidized to a mixture of 13-HEME(14Z) and 15-
HEME(13E) in a ratio of ~3:1 (Fig. 3A). Steric analysis showed that
13-HEME was formed with S configuration, and that 15-HEME consisted
of ~93% of the S stereoisomer. The Km was estimated to be 20±6 μM.
Racemic 13-HPEME was not transformed to 15-HPEME by COX-1,
Fig. 1. Oxidation of 18:3n−6, 18:1, and 20:1 by COX-1 monitored by an oxygen elec-
trode. A, 18:1n−9 was not a substrate, as the blank yielded an identical kinetic trace,
whereas 18:1n−6 was oxidized albeit at a slower rate than 18:3n−6. B, 20:1n−6 was
oxidized in analogy with 18:1n−6, but the kinetic trace of 20:1n−9 differed as the
rate increased in the course of 1–2 min.
indicating that the 13-peroxyl radical may not be an intermediate in
formation of 15-HPEME.

3.2. Oxygenation of C18 and C20 fatty acids of the n−9 series by COX-1

18:1n−9was not oxidized by COX-1 to a significant extent as judged
from oxygen consumption assay (Fig. 1A), but 20:1n−9 was oxidized,
although slowly compared to 20:1n−6 (Fig. 1B). The rate of oxidation
of 20:1n−9 increased gradually, and the rate of oxidation of Mead acid
(20:3n−9) increased in a similar way.

From the initial rates of oxidation, the order of C20 fatty acids was
20:2n−6>20:1n−6>20:3n−9>20:1n−9, and the order of C18
fatty acids was 18:3n−3≥18:2n−6 >18:1n−6.

3.3. Oxygenation of (9E,12Z)- and (9Z,12E)18:2 by COX-1

(9E,12Z)18:2 was oxidized by COX-1 to 9-HODE and (9E,11E)13-
HODE in a ratio of ~3:1. The absolute configuration was analyzed by
CP-HPLC (Fig. 4A) and by ozonolysis. The latter analysis showed the fol-
lowing composition of regio- and stereoisomers: 9R (8%), 9S (76%), 13R
(3%), and 13S (13%). Thesefigureswere in agreementwith CP-HPLC anal-
ysis (Fig. 4A). 9S-HPODE can be visualized as formed by oxygen insertion
at C-9 of the 1E,4Z-pentadiene radicalwith unchanged position of the side
chain at C-9, as discussed below. For comparison, the proportions of prod-
ucts formed upon oxidation of 18:2n−6 by COX-1 were 9R (73%), 9S
(9%), 13R (1%), and 13S (17%) [34].

(9Z,12E)18:2 was oxidized to 13S-HPODE as the main metabolite.
CP-HPLC of the products of (9Z,12E)18:2 is shown in Fig. 4B. Chemical
degradation yielded 4 and 18% of the 9R and 9S stereoisomers, and 5
and 73% of the 13R and 13S stereoisomers. The mechanism of biosynthe-
sis of 13S-HPODEwas investigatedwith [11R-2H] (9Z,12E)18:2. The latter
was oxidized to 13S-HPODE with retention of the 2H label, which also is
the case during oxidation of 18:2n−6. The oxidation at C-13 was there-
fore unlikely due to reverse orientation at the active site of COX-1.
13S-HPODE can be visualized as being formed from (9Z,12E)18:2 by oxy-
gen insertion at C-13 of the 1Z,4Z-pentadiene radical, which is formed
after rotation of the side chain at C-13 (cf. [1]).

3.4. Oxygenation of (9E,12Z)- and (9Z,12E)18:2 and (9E)18:1 by 8R-
DOX

8R-DOX of 5,8-LDS, but not of 7,8-LDS, oxidized (9E,12Z)18:2. The
productswere separated byCP-HPLC andanalyzed byMS/MS after reduc-
tion to alcohols as shown in Fig. 5. The main metabolite was 9R-HODE
(>80%), but double bond isomers of 8- and 11-HODEwere also detected.
We conclude that (9E,12Z)18:2 was mainly subject to hydrogen abstrac-
tion at C-11 and oxygenation at C-9. Such oxygenation at C-9 could not be
detected when 18:2n−6 was the substrate.

As expected from oxidation of 18:1n−9, the 8R-DOX of 7,8- and
5,8-LDS transformed (9Z,12E)18:2 to the 8-hydroperoxy metabolite as
the main product (inset in Fig. 5). (9E)18:1 was oxidized at C-8 by 8R-
DOX of 5,8-LDS but not by 7,8-LDS.

3.5. Oxygenation of (9Z,12E)18:2, [11R-2H] (9Z,12E)18:2, and (9E,12Z)
18:2 by sLOX-1

4 μM sLOX-1 (0.1 M NaBO3; pH 9.0) oxidized 200 μM (9Z,12E)18:2
slowly to the 9-hydroperoxy metabolite with 10E,12E configuration as
the main product (65%) and to 13-HPODE (35%; R/S ratio, 64/36). The
UV absorbance at 235 nm increased linearly at a rate of ~0.03 AU/min.
[11R-2H] (9Z,12E)18:2 was not oxidized at a detectable rate under these
conditions, suggesting inverse substrate orientation in comparison with
18:2n−6 and a prominent D-KIE.

4 μM sLOX-1 oxidized (9E,12Z)18:2 more efficiently than (9Z,12E)
18:2. After a prolonged kinetic lag time (2 min), the UV absorbance
increased linearly at ~0.07 AU/min. CP-HPLC-MS/MS analysis showed
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that 9-HPODE, in an R/S ratio of 60/40, was themain product (95%) along
with the all trans isomer of 13-HPODE (5%). The R/S ratio of 9-HODE is in
agreement with the report by Funk et al., but we could not detect signif-
icant formation of 13-HODE with 9Z,11E configuration [36].

3.6. D-KIE of COX, 8R-DOX, Mn-LOX, and sLOX-1

3.6.1. Oxidation of [11S-2H]- and [11,11-2H2]18:2n−6 by COX-1
[11S-2H]18:2n−6 was oxidized at a slower rate than 18:2n−6

(Fig. 6A). The D-KIE averaged ~3.3, and this value appeared to be only
slightly larger (~10%) for [11,11-2H2]18:2n−6 as substrate.We conclude
that [11S-2H]18:2n−6 is oxidized with a D-KIE in analogy with
[13,13-2H2]- and [13S-2H]20:4n−6 [16] (Table 1).

3.6.2. Oxidation of [13,13-2H2]20:1n−6 by COX-1
20:1n−6was oxidized by COX-1 as described above, but the rate of

oxidation of [13,13-2H2]20:1n−6was insignificant in comparisonwith
20:1n−6, as judged by oxygenmonitoring (Fig. 6B). Short time incuba-
tion (150 s, 30 °C) and LC–MS/MS analysis confirmed a D-KIE of this
magnitude (~25), as illustrated in Fig. 7A. We conclude that allylic and
bis-allylic carbons are oxidized by COX-1 with different D-KIE (Table 1).

3.6.3. Oxidation of [11S-2H]- and [11,11-2H2]18:2n−6 by COX-2
The LC–MS/MS assay showed that [11S-2H]- and [11,11-2H2]

18:2n−6 were both oxidized at an average rate of 19% of 18:2n−6
Fig. 2. The products formed from 18:3n−6 by COX-1were analyzed by RP-HPLC-MS/MS. A, The t
respectively, duringMS/MS analysis (m/z 309→full scan), and the latterwas themainmetabolite.
(m/z 325→full scan). B, MS/MS spectrum of the polar metabolite was identical to the MS/MS spe
(3 min, 30 °C), which suggested a D-KIE of ~5. Under these conditions,
less than 5% of 18:2n−6 was oxidized.

3.6.4. Oxidation of [8,8-2H2]18:1n−9 by 8R-DOX
The rates of oxidation of [8,8-2H2]18:1n−9 and oleic acid by 8R-DOX

of 7,8- and 5,8-LDSwere determined by LC–MS/MS due to unstable read-
ings with the oxygen electrode. The results from these LC–MS/MS analy-
ses supported large D-KIE (>20), as illustrated by the measurements in
Fig. 7B and C. This is in agreementwith the D-KIE of 5,8-LDS of A. nidulans
[22].

3.6.5. Oxidation of [11S-2H]18:2n−6 by 13R-MnLOX and sLOX-1
The relative D-KIE of the two LOX enzymes, measured by formation

of 13-HPODE, differed by less than10% (Fig. 7D). 13R-MnLOXalso forms
15–20% 11S-HPODE lacking UV absorbance at 235 nm. The absolute
D-KIE of this experiment (~53) was in the reported magnitude of the
D-KIE of sLOX-1 [12].

3.7. D-KIE during autoxidation of [13,13-2H2]20:1n−6

[13,13-2H2]20:1n−6 was subject to autoxidation with N-
hydroxyphthalimide, which generates a phthalimido-N-oxyl radical
[37]. Analysis of the molecular anions of all the formed [13,13-2H2]- and
[13-2H]-labeled hydroperoxides (m/z 442 and 443) by LC–MS suggested
a D-KIE of ~9, whereas MS3 analysis of [13-2H]15-HPEME and
op two chromatograms show intensities of selected ions specific for 13-HOTrE and 9-HOTrE,
The bottom chromatogram shows selective ionmonitoring ofm/z 207 duringMS/MS analysis
ctrum of dinor-PGE1 reported by Murphy and co-workers [35].
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Fig. 3. RP-HPLC-MS/MS analysis of oxidation of 20:1n−6 and 20:1n−9 by COX-1. A,
Analysis of products formed from 20:1n−6. The top chromatogram shows total ion
current (TIC) during MS/MS analysis (m/z 325→ full scan), whereas the two bottom
chromatograms show intensities of selected ions specific for 13-HEME and 15-HEME,
respectively. Peak I, 13-HEME, peak II, 15-HEME. B, The chromatogram shows TIC dur-
ing MS/MS analysis (m/z 325→ full scan) of products formed from 20:1n−9, and the
main products were identified as marked (13- and 11-HEME).

Fig. 4. LC–MS analysis of the oxidation of (9E,12Z)18:2 and (9Z,12E)18:2 by COX-1. A,
CP-HPLC-MS/MS with separation of stereoisomers formed from (9E,12Z)18:2. Small
amounts of 9- and 13-[13C18]HODE were added to facilitate identification of stereoisomers
(peak I, 13S-HODE, peak III, 9S-HODE, peak V, 9R-HODE, peak IV, 9-HODE(10E,12E), and
peak II 13-HODE(9E,11E)). B, CP-HPLC-MS/MS with separation of stereoisomers formed
from (9Z,12E)18:2, which were identified by aid of added [13C18]HODE (peak I, 13S-HODE,
peak II, 13R-HODE, and peak III, trans–trans 9-HODE). Separation on Chiralcel OB-H.
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[13,13-2H2]16-HPEME yielded a KIE of ~6. For comparison, the
D-KIE was 5.2–6.8 during autoxidation of [11,11-2H2]18:2 with
the cumylperoxyl radical [38].
4. Discussion

We have investigated the reaction mechanisms of COX-1, COX-2,
8R-DOX, and lipoxygenaseswith selectively deuterated fatty acids. Oxida-
tion of cis–trans isomers of 18:2n−6 and a selection of mono- and poly-
unsaturated fatty acidswas also investigated. The reactionmechanisms of
these enzymes are summarized in Figs. 8–10, and D-KIE in Table 1.
4.1. Influences of cis–trans isomers of 18:2n−6 and the n−6 double
bond on catalysis

18:2n−6 is oxidized by COX-1 and COX-2 mainly to 9R-HPODE and
to small amounts of 13S-HPODE. (9E,12Z)18:2 was oxidized by COX-1
to 9S-HPODE as the main metabolite. As expected, the 9E double bond
thus changed the configuration of 9-HPODE from 9R to 9S, and this is in
agreement with antarafacial hydrogen abstraction and oxygen insertion.

Unexpectedly, (9Z,12E)18:2 was mainly transformed to the S stereo-
isomer of 13-HPODE and not to the R stereoisomer (Fig. 8). Further

image of Fig.�3
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Fig. 5. Oxidation of (9E,12Z)18:2 and (9Z,12E)18:2 by 8R-DOX of 5,8-LDS. A, CP-
HPLC-MS/MS analysis of products formed from (9E,12Z)18:2 after reduction to alco-
hols. The main product was identified as 9R-HODE, whereas MS/MS analysis of peaks
I and II was consistent with 11-HODE and 8-HODE, respectively, presumably with
(9E,12Z) configuration. The inset shows CP-HPLC-MS/MS analysis of products formed
from (9Z,12E)18:2 after reduction to alcohols; the main product was 8-HODE, likely
with 9Z,12E configuration. Analysis on Chiralcel OB-H.
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analysis with (9Z,12E)[11R-2H]18:2 showed that this was not due to
reverse orientation in the active site, as the 2H-label was retained
in13S-HPODE. An antarafacial oxygenation mechanism could be exp-
lained, as outlined in Fig. 8, by bond rotation at C-13 with formation of
the 1Z,4Z-pentadiene radical, as previously described in sLOX-1 catalysis
[36]. The effects of bond rotation on radical conformation and the config-
uration of oxygen insertion by COX and LOX were recently reviewed by
Schneider and co-workers [1].
Fig. 6. Oxidation of deuterated fatty acids by COX-1 with monitoring of oxygen con-
sumption. A, Oxidation of 18:2n−6 and [11S-2H]18:2n−6. B, Oxidation of 20:1n−6
and [13,13-2H2]20:1n−6.
8R-DOX of A. fumigatus oxidized (9Z,12E)18:2 in analogy with
18:1n−9, but (9E,12Z)18:2 was transformed to 9R-HPODE as the main
metabolite by 8R-DOX of 5,8-LDS. This occurred apparently by bis-allylic
hydrogen abstraction (Fig. 9), but the relation of hydrogen abstraction
to oxygen insertion was not further investigated. Small amounts of prod-
ucts formed by hydrogen abstraction and oxidation at C-8 and C-11were
also formed.

COX-1 oxidized 20:1n−6byhydrogen abstraction at C-13,whichwas
followed by oxygen insertion at C-13 and, after double bondmigration, at
C-15 (Fig. 8); it is noteworthy that the proRhydrogen at C-13 of 20:1n−6
will be designated proS at C-13 of 20:4n−6 due to the Cahn–Ingold–
Prelog nomenclature. These products, 13- and 15-HPEME, were formed
with high stereospecificity (>93% S configuration). 18:1n−6 was oxi-
dized in the same way. The n−6 double bond and chain length seemed
to be important, as 18:1n−9 was not oxidized by COX-1 and 20:1n−9
and 20:3n−9 were oxidized only slowly compared to 20:1n−6 and
20:2n−6.

It is well known that COX-1 accepts chain elongation of 20:4n−6 to
adrenic acid (22:4n−6), which is transformed to dihomo-PGE2 [39].
Chain shortening is also accepted, as COX-1 transformed 18:3n−6 to
dinor-PGE1 although only a small fraction of the peroxyl radical of
9R-HPOTrE(n−6) was converted in this way.

The tertiary structure and catalytic domains of COX-1 and
myeloperoxidase have been described as strikingly similar [40]. It is
therefore of interest that COX-1 abstracts the proR hydrogen of
20:1n−6 (Fig. 8), whereas 8R-DOX abstracts the proS hydrogen of
18:1n−9 (Fig. 9). This observation suggests that 8R-DOX could bind
fatty acids in opposite head-tail orientation than COX-1.

sLOX-1 abstracts the proS hydrogen at C-11 of 18:2n−6 and forms
13S-HPODE as the main metabolite at pH 9 (Fig. 10). At a lower pH
with uncharged carboxyl group, 18:2n−6 binds in the opposite orienta-
tionwith biosynthesis of 9S-HPODE [41]. sLOX-1was reported by Funk et
al. [36] to oxidize the two cis–trans isomers of 18:2n−6 at neutral pH.
To ascertain the importance of the charged carboxyl group we re-
investigated these oxidations at pH 9.

(9Z,12E)18:2 was oxidized slowly to the trans isomer of 9-HODE and
to 13R-HPODE as the twomain products (Fig. 10), essentially as reported
previously [36]. [11R-2H] (9Z,12E)18:2 was not oxidized at a detectable
rate, which implies that (9Z,12E)18:2 likely binds to the active site of
sLOX-1 in reverse orientation and presents the proR hydrogen at C-11
for abstraction. 13R-HPODE might be formed by bond rotation at C-13,
as outlined in Fig. 10.

(9E,12Z)18:2 was mainly oxidized at C-9 (>95%) to 9-HPODE in an
R/S ratio of 60/40. 13-HODE was formed with 9E,11E configuration. We
could not find significant biosynthesis of 13-HODE having a 9Z double
bond; this differs from results of bond rotation at C-9/C-10 with forma-
tion of 13-HODEwith 9Z configuration observed at neutral pH [36]. The
observation that 9-HPODEwas almost racemic suggested that this fatty
acid may partly bind the active site in opposite orientations for hydro-
gen abstraction and oxygenation (Fig. 10).

4.2. D-KIE of lipoxygenases, cyclooxygenases, and 8R-DOX

Labeling of fatty acids with tritium or deuterium has been instrumen-
tal for analysis of reaction mechanisms of fatty acid oxygenases [42]. This
Table 1
Summary of apparent D-KIE of dioxygenase reactions.

Enzymes Hydrogen abstraction at
bis-allylic carbons

Allylic carbons

COX-1 ~3 ~25
COX-2 ~5 ND
8R-DOX ND >20
sLOX-1 ~53 –

MnLOX ~53 –

ND, not determined. –, oxidized at insignificant rates compared to bis-allylic carbons.
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Fig. 7. LC–MS/MS analysis of apparent D-KIE of COX-1 and 8R-DOX and UV analysis of relative D-KIE of 13R-MnLOX and sLOX-1. A, LC–MS analysis of the oxidation of 20:1n-−6 and
[13,13-2H2]20:1n−6 by COX-1 with aid of an internal standard (13-HODE). The first and second chromatograms show the signal intensities of the internal standard and 13- and
15-HEME. The third and fourth chromatograms show the signal intensities of the internal standard and deuterated 13- and 15-HEME. The signal intensities suggest a D-KIE of ~25,
and the illustrated chromatograms are median values of triplicate analysis (30 °C, 150 s). B, Oxidation of 18:1n−9 and [8,8-2H2]18:1n−9 by 8R-DOX of 7,8-LDS (mean of triplicate
analysis; +4 °C) at different time points assessed with an internal standard (13-HODE). C, Oxidation of 18:1n−9 and [8,8-2H2]18:1n−9 by 8R-DOX of 5,8-LDS. D, UV analysis of
products formed from 18:2n−6 and [11S-2H]18:2n−6 by 13R-MnLOX and sLOX-1. The latter was incubated with double enzyme concentration.
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led to the discovery of the prominent D-KIE of sLOX-1 [12,43]. The D-KIE
of 13R-MnLOX and sLOX-1 appeared to be rather similar (Fig. 7D). We
conclude that the two different catalytic metals may not alter the D-KIE
under our experimental conditions (23 °C, pH 9.0) although the redox
potentials of the free metals, Mn3+/Mn2+ and Fe3+/Fe2+, differ by a
factor of 2 [24].

We found that COX-1 oxidized the allylic C-13 of 20:1n−6 with at
least a 7-fold larger D-KIE than the bis-allylic C-11 of 18:2n−6 under
identical experimental conditions. These results suggest that D-KIE differ
between allylic and bis-allylic hydrogen abstraction. The contribution of
tunneling toD-KIE could be influencedby the energy necessary for hydro-
gen abstraction, the surface potential of the enzyme, and by kinetic
factors. Kulmacz and co-workers investigated the oxidation of [13S-2H]-
and [13,13-2H2]20:4n−6 by purified COX-1 at different experimental
conditions, and reported a weakly temperature-dependent D-KIE of 2–3
[16]. In contrast, it was shown that D-KIE of recombinant COX-2 with
[2H31]18:2n−6as substratevariedwith theexperimental conditions [18],
but that it was larger than reported for 20:4n−6 [16]. These results may
appear contradictory, but the perdeuterated [2H31]18:2n−6 may con-
ceivably interact with the surface of the active site of COX in a less bene-
ficial manner for catalysis than [13S-2H]20:4n−6, [11S-2H]18:2n−6,
and [11,11-2H2]18:2n−6. We found that the latter two were oxidized
by COX-1 and COX-2 with apparent D-KIE of 3–5. Remote deuterium
atoms may exert secondary effects, as [5,5-2H2]18:1n−9 was oxidized
at C-8 by 5,8-LDS of A. nidulans1at a lower rate than 18:1n−9 [22].
In analogywith the allylic oxidation of 20:1n−6 by COX-1, 8R-DOXof
7,8- and 5,8-LDS oxidized the allylic C-8 of 18:1n−9 with a large D-KIE.
This is also in agreement with a recent report on 5,8-LDS of A. nidulans1

[22]. The D-KIE of COX during oxidation of an allylic position can be com-
pared to the D-KIE during oxidation at C-2 of [2,2-2H2]16:0 by α-DOX,
which also requires more energy than oxidation of bis-allylic carbons.
D-KIE of α-DOX averaged 31 at pH 7.2 [17]. The large apparent D-KIE of
COX-1, 8R-DOX, and α-DOX of at least 20 suggest a significant contribu-
tion of hydrogen tunneling to these reactions. Themidpoint redox poten-
tial of Tyr•/Tyr is 0.94 V (pH 7.0; 25 °C) [44], which is apparently
sufficient for oxidation of both allylic and bis-allylic carbons, whereas
the redox potential of sLOX-1 has been estimated to be ~0.6 V [45]. In
addition, hydrogen donor and acceptor distances and the reversibility of
hydrogen transfer may conceivably differ between COX and LOX.

5. Conclusion

COX-1 binds mono- and polyunsaturated fatty acids with the omega
end first. The cis n−6 double bond facilitated allylic oxidation by COX-1
in comparison with cis n−9 fatty acids. bis-Allylic oxidation by COX-1
was catalyzedmore efficiently andwith insignificant hydrogen tunneling
compared to allylic oxidation. COX-1 oxidized (9Z,12E)18:2with bond ro-
tation at C-13, whereas 8R-DOX shifted hydrogen abstraction of (9E,12Z)
18:2 to C-11 and oxygen insertion to C-9. Fe or Mn as catalytic metal of
LOX appeared to have little influence on D-KIE.
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Fig. 8. Overview of hydrogen abstraction and formation of major oxidation products of
20:1n−6, (9E,12Z)18:2 and (9Z,12E)18:2 by COX-1. A, The proR hydrogen of C-13 is
abstracted and oxygen is inserted at C-13 and at C-15. B, Oxidation of (9E,12Z)-18:2
to 9S-HPODE as the main metabolite. C, Oxidation of (9Z,12E)-18:2 to 13S-HPODE as
the main metabolite. [11R-2H] (9Z,12E)-18:2 was oxidized with retention of the deute-
rium label, supporting unchanged orientation in the active site. 13S-HPODE could be
formed by bond rotation at C-13 of the pentadiene radical as indicated.

Fig. 9. Overview of formation of major oxidation products of 18:1n−9 and (9E,12Z)
18:2 by 8R-DOX. A, Hydrogen abstraction and oxygenation at C-8 of 18:1n−9 occur
in an antarafacial way [21]. B, (9E,12Z)18:2 is oxidized by hydrogen abstraction at
C-11 and oxygen insertion at C-9 with formation of 9R-HPODE; the steric relation of
hydrogen abstraction and oxygen insertion has not been determined.

Fig. 10. Overview of hydrogen abstraction and formation of major oxidation products
of 18:2n−6, (9E,12Z)18:2 and (9Z,12E)18:2 by sLOX-1. A, 18:2n−6 is oxidized at
C-13 at alkaline pH (top) in normal orientation and at C-9 at acidic pH (bottom) to
9S-HPODE by inverse orientation in the active site. B and C, The two cis–trans fatty
acids are mainly oxidized at the trans double bonds. (9Z,12E)18:2 in B appeared to
be oxidized in both orientations as this fatty acid was oxidized to 9-HPODE in an R/S
ratio of 60/40. (9E,12Z)18:2 in C was likely oxidized by abstraction of the proS hydro-
gen at C-11 in the reverse orientation, as [11R-2H](9E,12Z)18:2 was a poor substrate.
13R-HPODE might be formed by bond rotation at C-13 as indicated.
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