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Lipoxygenases catalyse the oxidation of polyunsaturated fatty acids and have been invoked in many
diseases including cancer, atherosclerosis and Alzheimer’s disease. Currently, no X-ray structures are
available with substrate or substrate analogues bound in a productive conformation. Such structures
would be very useful for examining interactions between substrate and active site residues. Reported
here are the syntheses of linoleic acid analogues containing a sulfur atom at the 11 or 14 positions. The
key steps in the syntheses were the incorporation of sulfur using nucleophilic attack of metallated
alkynes on electrophilic sulfur compounds and the subsequent stereospecific tantalum-mediated
reduction of the alkynylsulfide to the cis-alkenylsulfide. Kinetic assays performed with soybean
lipoxygenase-1 showed that both 11-thialinoleic acid and 14-thialinoleic acid were competitive
inhibitors with respect to linoleic acid with K i values of 22 and 35 mM, respectively. On the other hand,
11-thialinoleic acid was a noncompetitive inhibitor with respect to arachidonic acid with K is and K ii

values of 48 and 36 mM, respectively. 11-Thialinoleic acid was also a noncompetitive inhibitor of
human 15-lipoxygenase-1 with arachidonic acid (K is = 11.4 mM, K ii = 18.1 mM) or linoleic acid as
substrate (K is = 20.1 mM, K ii = 20.0 mM), and a competitive inhibitor of human 12-lipoxygenase with
arachidonic acid as substrate (K i = 2.5 mM). The presence of inhibitor did not change the
regioselectivity of soybean lipoxygenase-1, human 12- or 15-lipoxygenase-1.

Introduction

Lipoxygenases catalyse the first committed step in one of the two
major pathways leading from arachidonic acid to eicosanoids.1

They are non-heme iron proteins that abstract a hydrogen atom
from a bisallylic position of unsaturated fatty acids followed by
the addition of molecular oxygen to generate a hydroperoxide (e.g.,
Fig. 1A).2 The substrates for these enzymes are polyunsaturated
fatty acids containing non-conjugated cis double bonds. The
mammalian lipoxygenases catalyse key steps in the conversion
of arachidonic acid (AA) to lipoxins and leukotrienes, which
are mediators of inflammation and regulators of the immune
system.3,4 Several studies have suggested that these lipids may
also be involved in a number of pathologies including cancer,5,6

atherosclerosis,7 and Alzheimer’s disease.8,9 In plants, lipoxyge-
nases convert linoleic acid (LA) into jasmonates and aldehydes,
which are involved in signalling, germination and senescence.10

In mammals, the enzymes are named according to the position
of arachidonic acid that reacts with molecular oxygen.11 Several
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Fig. 1 A. The reactions catalysed by sLO-1 and 15-hLO-1 with linoleic
acid and arachidonic acid. B. Proposed catalytic cycle of lipoxygenases.

human isozymes (5-, 12-, and 15-hLOs) have thus far been
identified12,13 with this study focusing on the latter two.

The majority of our understanding of lipoxygenase structure
and mechanism comes from studies on soybean lipoxygenase-
1 (sLO-1), which acts on polyunsaturated fatty acids in which
a 1,4-diene unit is located six carbons away from the methyl
terminus (w-6 fatty acids).10,14 Soybean lipoxygenase is relatively
easy to purify, kinetically stable and it requires no cofactors or
activating proteins like some mammalian lipoxygenases. Although
the natural substrate of sLO-1 is LA whereas human lipoxygenases
predominantly act on AA (Fig. 1A), studies on sLO-1 have led to
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a better understanding of both classes of enzymes. The chemistry
catalysed is the same, even though the substrates differ in chain
length and the number of unsaturated bonds.

Lipoxygenases carry out oxidations in an unusual manner. Most
oxidative enzymes first activate molecular oxygen by catalysing its
reaction with a low valent transition metal and then transferring
the activated oxygen species to the substrate, giving the oxidized
product. In lipoxygenases, the fatty acid substrate is first activated
by hydrogen atom removal to form a radical, which then reacts
with molecular oxygen.15,16 Substrate activation is accomplished
by a non-heme ferric hydroxide (Fig. 1B). In resting lipoxygenase,
the iron is in the ferrous form and the enzyme is inactive.17 The iron
must first be converted to the active ferric form by autooxidized
compounds before the catalytic cycle can commence. Then, the
formal hydrogen atom abstraction is thought to involve a proton-
coupled electron transfer between the substrate and the ferric
species forming an intermediate radical (R∑) and a ferrous species.18

After stereoselective antarafacial reaction of the substrate radical
with molecular oxygen, the peroxyl radical oxidizes the iron back
to the active ferric state and the peroxide product (ROOH) is
released from the enzyme. The sLO-1 products of linoleic acid and
arachidonic acid are 13-hydroperoxy-octadecadienoic acid (13-
HPODE) and 15-hydroperoxy-eicosatetraenoic acid (15-HPETE),
respectively (Fig. 1A).

The hydrogen abstraction step has received much interest
since kinetic isotope effects (KIE) up to 80 have been reported
in studies with linoleic acid and arachidonic acid.19–25 These
observations have led to a model in which quantum mechanical
tunneling20 is coupled to environmental motions governed by pro-
tein dynamics.26 Several X-ray structures of various lipoxygenases
have been obtained.27–40 However, no structures of lipoxygenases
with a bound substrate or substrate analogue have been reported,
and thus relatively little structural information is available regard-
ing the binding interactions between substrate and enzyme. Such
structures are eagerly anticipated as they may provide insight into
protein dynamics, the unusually large isotope effects observed, and
the regioselectivity of catalysis.

In this work, sulfur-containing fatty acid analogues were eval-
uated as possible inhibitors. Previous studies have demonstrated
that a variety of organosulfur compounds derived from garlic
essential oil act as inhibitors of soybean lipoxygenase.41,42 Sulfur-
containing arachidonic acid analogues have also been described as
inhibitors.43–46 Herein are described the syntheses of 11-thialinoleic
acid (11-thiaLA) and 14-thialinoleic acid (14-thiaLA), two linoleic
acid analogues containing sulfur at allylic positions. Both com-
pounds were competitive inhibitors for the sLO-1-catalyzed oxi-
dation of linoleic acid. 11-ThiaLA also behaved as a competitive
inhibitor for the reaction of human platelet 12-lipoxygenase (12-
hLO) with arachidonic acid, but as a noncompetitive inhibitor for
oxidation of AA and LA by human reticulocyte 15-lipoxygenase-
1 (15-hLO-1, also called 12/15-LO) and the oxidation of AA by
sLO-1.

Results and discussion

Synthesis of 11- and 14-thialinoleic acids

Recently, our laboratory reported the synthesis of 7-thiaara-
chidonic acid (1, Fig. 2) for the purpose of identifying radical

Fig. 2 Fatty acid analogues containing sulfur at allylic positions.

intermediates in the reaction of prostaglandin H synthase with
arachidonic acid.47 Compound 1 was constructed by the prepa-
ration of a bis(alkynyl)sulfide and its subsequent stereoselective
reduction to a (cis,cis)-bis(alkenyl)sulfide in the presence of tanta-
lum(V) chloride.48 In this work, we have applied this methodology
to the synthesis of linoleic acids with sulfur present at two of the
three allylic positions of the fatty acid. These thialinoleic acids (2
and 3, Fig. 2) contain sulfur either at the position of hydrogen atom
abstraction (position 11) or at a position where it could potentially
stabilize the radical intermediate formed upon hydrogen atom
abstraction (position 14). Thus, they could either be substrate
analogues or inhibitors that bind in the lipoxygenase active site.

The synthesis of 11-thiaLA is outlined in Scheme 1. 8-
Bromooctanoic acid (4) was first converted to the tert-butyl ester
5, which was then reacted with lithium (trimethylsilyl) acetylide.
The silyl protecting group was subsequently removed with TBAF
to yield the terminal alkyne 6. Deprotonation of a 1-to-3 mixture
of alkyne 6 and 1-heptyne with n-butyllithium followed by slow
addition of sulfur dichloride at -78 ◦C yielded the desired unsym-
metrical bis(alkynyl)sulfide 7 along with minor amounts of the two
symmetrical dialkyl sulfides. Selective reduction of 7 mediated by
a low-valent tantalum species48 yielded the bis(alkenyl)sulfide 8.
Addition of a small amount of 1-hexyne was needed to achieve a
good yield, although the reason for this requirement is unknown.47

Only the cis,cis-isomer was observed by 1H NMR spectroscopy.
Finally, the tert-butyl ester was hydrolyzed at 50 ◦C with a
1.0 M solution of lithium hydroxide in a water–DME mixture.
11-ThiaLA (2) was purified by reverse-phase HPLC and isolated
as a single isomer.

Scheme 1 Synthesis of 11-thiaLA. Reagents and conditions: (a) (CF3-
CO)2O, tert-BuOH, CH2Cl2, 0 ◦C, (b) lithium (trimethylsilyl)-acetylide,
HMPA, THF, -78 ◦C, 3 h; TBAF, THF, 25 ◦C, 30 min, (c) 1-heptyne,
n-BuLi, THF, -78 ◦C, 1 h; SCl2, THF, 2 h, (d) TaCl5, Zn, pyridine, DME,
benzene, 1-hexyne, 25 ◦C, 1 h, (e) LiOH, water, DME, 50 ◦C, 40 h.

The synthesis of 14-thiaLA is outlined in Scheme 2. Azelaic
acid monomethyl ester (9) was chemoselectively reduced with
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Scheme 2 Synthesis of 14-thiaLA. Reagents and conditions: (a) BH3–
THF, 25 ◦C, (b) PPh3, Br2, pyridine, CH2Cl2, 0 ◦C, 1 h, (c) PPh3,
acetonitrile, reflux, 24 h, (d) TIPSCl, imidazole, CH2Cl2, 0 ◦C, 3 h,
(e) n-BuLi, THF, -78 ◦C, 1 h; butyl disulfide, -78 ◦C, 3 h, (f) TaCl5,
Zn, pyridine, DME, benzene, rt, 1 h, (g) TBAF, THF, 25 ◦C, 1 h, (h)
Dess–Martin periodinane, CH2Cl2, 0 ◦C, 1 h, (i) NaHMDS, THF, -78 ◦C,
1 h; 12, 25 ◦C, 12 h, (j) LiOH, water, DME, 25 ◦C, 24 h.

borane–THF to alcohol 10. Conversion of 10 to bromide 11
was achieved by treatment with bromine in pyridine. Subsequent
refluxing of 11 in acetonitrile with triphenylphosphine yielded the
phosphonium salt 12. The aldehyde partner 18 for the Wittig
reaction of 12 was prepared by protection of 3-butynol (13)
with triisopropylsilylchloride to afford 14. The terminal alkyne
was deprotonated with n-butyllithium and reacted with dibutyl
disulfide at -78 ◦C to yield alkynylsulfide 15. Selective reduction
with low-valent tantalum provided the alkenylsulfide 16 in good
yield. Deprotection of the silyl group with TBAF followed by
oxidation of the alcohol with Dess–Martin periodinane afforded
the aldehyde 18. Subsequent Wittig reaction between compounds
12 and 18 yielded the desired methyl 14-thialinoleate (19). Only
the cis,cis-isomer was observed by 1H NMR spectroscopy. Finally,
the methyl ester was hydrolyzed at 25 ◦C with a 1.0 M solution of
lithium hydroxide in water–DME. 14-ThiaLA (3) was purified by
reverse-phase HPLC and isolated as a single isomer.

Inhibition of sLO-1

Lipoxygenase-catalysed hydrogen atom abstraction from an allylic
position of a fatty acid substrate has been previously observed,
but this reaction is much slower than at a bisallylic position.24

Thus, compound 2 was not expected to undergo oxidation by
lipoxygenase, but compound 3 still contains a bisallylic methylene
group and could be a substrate. However, analysis by thin-
layer chromatography and UV–visible spectroscopy showed that
incubation of 11-thiaLA or 14-thiaLA with sLO-1 did not result

in any appreciable activity over the course of one hour. Next,
the inhibitory behaviour of these compounds was assessed. The
conversion of linoleic acid to 13-HPODE catalysed by sLO-1
was monitored by following the formation of product at 235 nm
at pH 10.0, the pH optimum for this enzyme.49 The Km for
linoleic acid with sLO-1 was 28 ± 5 mM, in good agreement
with previous reports.22 The rate of reaction was examined in
the presence of inhibitor at several different concentrations.
Competitive inhibition was observed with both inhibitors as
shown in Fig. 3 and 4 (see also Dixon and Cornish-Bowden plots
in the ESI†). The K i of 11-thiaLA was 22 ± 5 mM, and the value for
14-thiaLA was 35 ± 5 mM. These are reasonably good inhibitors
since the inhibitor K i and the substrate Km are similar. Although
competitive inhibition visually appears to be the best model to fit
the data, statistically noncompetitive inhibition with 11-thiaLA
having a K is of 36 mM for binding to the enzyme and a K ii of
115 ± 60 mM for binding to the enzyme–substrate complex (Fig. 5)
cannot be ruled out (see ESI). Due to the poor solubility of LA at

Fig. 3 Double reciprocal plot showing competitive inhibition of sLO-1
by 11-thiaLA in the reaction with linoleic acid at pH 10.0. The inhibitor
concentrations shown are 0 mM (circles), 20 mM (squares), 40 mM
(diamonds), and 80 mM (triangles).

Fig. 4 Double reciprocal plot showing competitive inhibition of sLO-1 by
14-thiaLA in the reaction with LA at pH 10.0. The inhibitor concentrations
shown are 0 mM (circles), 20 mM (squares), 40 mM (diamonds), 80 mM
(triangles), and 120 mM (inverted triangles).
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Fig. 5 Scheme describing noncompetitive inhibition. When K is π K ii, the
term mixed inhibition is often used.

pH 7.5, no quantitative inhibition parameters could be determined
at this pH for this substrate.

Next the inhibitory behaviour of 11-thiaLA was evaluated for
the oxidation of AA by sLO-1. This transformation displayed a
significant lag phase,50 which made rate measurements difficult.
The lag phase is due to the slow conversion of the inactive ferrous
form in which the enzyme is isolated to the active ferric form by
autooxidized compounds in the assay. In order to obtain reliable
initial rates, the enzyme was activated by adding a small amount
of 13-HPODE before presenting substrate.25,51 The addition of
oxidant also helped eliminate substrate inhibition by AA.25

The addition of 13-HPODE raised a concern that this alkylper-
oxide might oxidize the thiaLAs and hence affect their inhibition
behaviour. However, incubation of 11-thiaLA under turnover con-
ditions with enzyme, AA, and 13-HPODE showed no discernable
conversion of the inhibitor over a period of 1 hour as monitored
by HPLC. On the other hand, 14-thiaLA was oxidized to a small
extent over that time frame and was not investigated further as
the oxidation products could affect the inhibition data. With 11-
thiaLA, noncompetitive inhibition was observed at both pH 10.0
and pH 7.5 (Fig. 6 and ESI†). Under these conditions, the Km of
AA was 15.1 ± 1.5 mM at pH 10.0 compared to 31.7 ± 3.5 mM
at pH 7.5, but the inhibition constants were similar under both
conditions (pH 10.0, K is = 48.5 ± 12.9 mM, K ii = 36.0 ± 4.0 mM;
pH 7.5, K is = 45.6 ± 11.1 mM, K ii = 38.2 ± 5.4 mM).

Fig. 6 Double reciprocal plot showing noncompetitive inhibition of
sLO-1 by 11-thiaLA in the reaction with AA at pH 10.0. The inhibitor
concentrations shown are 0 mM (circles), 30 mM (squares) and 60 mM
(diamonds).

Inhibition of 15-hLO-1

Next, the behaviour with 15-hLO-1 was examined. While sLO-1
was stable during the course of the reaction, 15-hLO-1 underwent
rapid self-inactivation, as described previously.52–56 In addition,
15-hLO-1 also displayed an initial lag phase. Once again, addition
of 13-HPODE helped eliminate the lag phase and also allowed the
measurement of initial rates before enzyme inactivation.57

A kinetic assay performed with 11-thiaLA demonstrated that
the compound was a noncompetitive inhibitor for 15-hLO-1 with
respect to LA as the lines converge on the X-axis to the left of
the origin (Fig. 7, see also the ESI†). The K is and K ii values were
20.1 ± 1.6 and 20.0 ± 1.4 mM, respectively. 11-ThiaLA was also a
noncompetitive inhibitor of 15-hLO-1 with AA as substrate with
K is and K ii values of 11.4 ± 2.0 and 18.1 ± 2.0 mM respectively
(ESI). For comparison, the measured Km values of LA and AA
with 15-hLO-1 were 6.2 ± 0.9 and 5.0 ± 0.5 mM, respectively.

Fig. 7 Double reciprocal plot showing noncompetitive inhibition of
15-hLO-1 by 11-thiaLA in the reaction with LA at pH 7.5. The inhibitor
concentrations shown are 0 mM (circles), 15 mM (squares), 30 mM
(diamonds), 45 mM (triangles).

Noncompetitive inhibition indicates a binding site away from
the active site and suggests that the thiaLAs act as allosteric
inhibitors of 15-hLO-1. Oleyl sulfate and oleic acid have been
previously described as allosteric inhibitors for this enzyme.58,59 In
these previous reports, the ternary complex formed by enzyme,
substrate, and inhibitor was catalytically active (kallo π 0, Fig. 5).
The activity of the complex formed by 15-hLO-1, LA, and 11-
thiaLA was investigated by measuring the kinetic isotope effect
(KIE) on kcat/Km of the reaction of 15-hLO-1 with protiated and
deuterated substrate in the presence of different concentrations
of the inhibitor. The observed KIE on kcat/Km depends on the
commitment of the reaction, which is the ratio of the forward rate
of catalysis and the reverse rate of dissociation of the enzyme–
substrate complex.60 The rate of product formation via the ternary
complex, kallo, can affect this ratio (Fig. 5). On the other hand, if
the ternary complex is not active, the concentration of inhibitor
affects neither the commitment to catalysis nor the KIE.61

If 11-thiaLA formed an active complex with the enzyme and
substrate, increasing inhibitor concentration would skew the reac-
tion to proceed through the ternary complex, which could change
the observed KIE. For instance, a hyperbolic rise in the KIE with
increasing concentration of oleylsulfates has been observed for
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15-hLO-1 (D KIE on kcat/Km ª 40–60).58 This enzyme exhibits
a much larger primary KIE on kcat/Km with 11-d2-LA (KIE on
kcat/Km ª 50)23 than with 10,10,13,13-d4-AA (KIE on kcat/Km ª
7.5).62 Thus, a change in KIE was anticipated to be observable
more readily with LA as substrate. The KIE on kcat/Km of the reac-
tion of 15-hLO-1 with LA and 11-d2-LA was measured at a variety
of concentrations of 11-thiaLA. The observed lack of change in the
KIE on kcat/Km with increasing inhibitor concentration suggests
the ternary complex is not catalytically active (Fig. 8).

Fig. 8 Dependence of the KIE on kcat/Km for the reaction of 15-hLO-1
with LA and 11-d2-LA on the presence of 11-thiaLA.

Inhibition of 12-hLO

Finally, the inhibition of 12-hLO was examined. A previous study
showed that LA was a poor substrate for this enzyme,54 and
hence the inhibition was evaluated only with AA as substrate.
Michaelis–Menten kinetics were obtained without the addition
of 13-HPODE as an activator, and thus it was possible to
investigate both 11- and 14-thiaLAs as inhibitors. 11-ThiaLA
was a competitive inhibitor of 12-hLO (Fig. 9) with a K i value

Fig. 9 Double reciprocal plot showing competitive inhibition of 12-hLO
by 11-thiaLA in the reaction with AA. The inhibitor concentrations shown
are 0 mM (circles), 2.5 mM (squares), 5 mM (diamonds) and 7.5 mM
(triangles).

Table 1 Effect of 11-thiaLA (2) on human lipoxygenase product distri-
butions. The error is shown in parentheses.

Conditions 15-HETE (%) 11-HETE (%) 8-/12-HETE (%)

15-hLO-1 and AA 80 (3) 6 (1) 14 (3)
15-hLO-1, AA and 2 79 (3) 5 (1) 16 (3)
12-hLO and AA 5 (2) 4 (2) 91 (4)
12-hLO, AA and 2 5 (1) 2 (1) 93 (1)

of 2.5 ± 0.3 mM compared to a Km value of 0.3 ± 0.1 mM for
arachidonic acid. Surprisingly, 14-thiaLA was neither a substrate
nor an inhibitor.

One particular aspect of the inhibition assays that stands out
is that all noncompetitive inhibition patterns were observed in
experiments in which 13-HPODE was added to activate the
enzyme. As mentioned, the oxidation of AA by 15-hLO-1 or
sLO-1 requires this hydroperoxide in order to obtain reproducible
kinetics without interference by a severe lag phase or substrate
inhibition. However, the oxidation of AA by 12-hLO and LA by
sLO-1 proceeds in the absence or presence of 13-HPODE. Thus, to
investigate whether the presence of 13-HPODE might in some way
be responsible for the observation of noncompetitive inhibition,
the inhibition patterns for these two enzymes were monitored
in the presence of activator. 11-ThiaLA displayed competitive
inhibition in both cases (ESI†), suggesting that the addition of
activator does not affect the mode of inhibition.

Effect of inhibitor on product distribution

A number of lipoxygenase isozymes have been isolated thus far
that differ in the regioselectivity of oxidation of AA. Since an
allosteric effector could change the regioselectivity, the product
distribution was determined in the presence of 11-thiaLA. The
hydroperoxide products (HPETEs) were reduced with NaBH4

to provide the corresponding alcohols (HETEs) and the relative
amounts of isomers were determined by HPLC analysis. As shown
in Table 1, the addition of inhibitor did not alter the product
distribution for 12-hLO and 15-hLO-1. 11-ThiaLA also did not
affect the product regioselectivity of sLO-1. In the presence and
absence of inhibitor, the exclusive product was 13-HPODE with no
9-HPODE observed. Thus, both the KIE and product distribution
studies suggest that the ternary complexes of the enzymes with
substrate and 11-thiaLA are not active.

Discussion

The three lipoxygenases investigated show different inhibition
types, and one of the enzymes, sLO-1, displays a substrate
dependence with respect to the observed inhibition type. With
arachidonic acid and 11-thiaLA, noncompetitive inhibition was
observed at both pH 7.5 and 10, showing the inhibitor can bind
both to the catalytic site and a physically distinct site on the
enzyme in the ES complex with similar affinities. Such allosteric
sites have been previously documented for sLO-1.58,59,63,64 However,
with linoleic acid as substrate, the data can be fit about equally
well using either the competitive inhibition model or by using
noncompetitive inhibition with a weak affinity of the inhibitor for
the ES complex. These observations suggest that the second site is
less available for binding when linoleic acid occupies the active site
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than when arachidonic acid is bound to the active site. We note
that both the Km values (28 mM for LA, 15 mM for AA) and kcat

values (490 s-1 for LA, 340 s-1 for AA) were similar for the two
substrates. Previous work on sLO-1 has shown that the allosteric
site on the enzyme is sensitive to the chain length of inhibitors
with long alkyl chains.63 To the best of our knowledge, this is the
first report that the affinity of the inhibitor for this site (K ii, Fig. 5)
is dependent on the chain length of the substrate.

Human 15-lipoxygenase-1 also showed noncompetitive inhibi-
tion by 11-thiaLA, regardless of whether the substrate was LA or
AA. In both cases, the affinity of the inhibitor for the empty
enzyme and ES complex is similar. Inhibition of 12-hLO by
11-thiaLA on the other hand indicates a much higher affinity
for the catalytic site than for a potential allosteric site, with
the data for AA only fitting well with a competitive inhibition
model. The inhibition constants are smaller for 12-hLO than
those observed for sLO-1 and 15-hLO-1 but this enzyme also has
significantly lower Km values for its substrates. Hence, 11-thiaLA is
not expected to show much selectivity in a physiological setting. In
general, the affinity of the inhibitor for the catalytic site for these
different lipoxygenases tracks well with the Km values for their
substrates. The most obvious difference between the enzymes is
the greatly different affinities for an allosteric site.

Conclusions

In summary, we have synthesized analogues of linoleic acids
containing sulfur at the 11 and 14 allylic positions. The key steps in
the syntheses were the incorporation of sulfur using nucleophilic
attack of metallated alkynes on electrophilic sulfur compounds
and the subsequent stereospecific tantalum-mediated reduction
of the alkynylsulfide to the cis-alkenylsulfide. Both desired com-
pounds were isolated as single isomers after purification by reverse
phase HPLC.

Both compounds competitively inhibited the oxidation of LA
by sLO-1 with about equal effectiveness, whereas only 11-thiaLA
inhibited 12-hLO and with an approximately 10-fold smaller K i.
11-ThiaLA was a noncompetitive inhibitor of the oxidation of AA
by sLO-1 and 15-hLO-1, indicating it has an additional, different
binding site from the fatty acid substrate. This different mode
of inhibition is not due to the presence of the activator or to a
pH effect. The location of this binding site and how binding in
this site affords inhibition is currently not known. Future studies
will attempt to answer these questions through crystallographic
investigations.

Experimental section

General

All reactions were performed in oven-dried or flame-dried glass-
ware under an inert atmosphere of dry nitrogen. THF was
distilled from Na metal and benzophenone. CH2Cl2 was distilled
from CaH2. Benzene was distilled from Na metal. Brine refers
to a saturated aqueous solution of NaCl. Commercial reagents
were used as received without further purification. Analytical
thin-layer chromatography was performed on Merck silica gel
plates with QF-254 indicator. Visualization was performed with
a KMnO4 solution or a UV light. Flash column chromatography

was performed using 230–400 mesh silica gel purchased from EM
Science.

1H NMR and 13C NMR spectra were recorded on 400 MHz and
500 MHz, 1H (100.6 MHz and 125.6 MHz, 13C) spectrometers
in the VOICE laboratory at the University of Illinois, Urbana-
Champaign. Spectra were referenced to chloroform-d1 as an
internal standard (d 7.26 ppm, 1H; d 77.0 ppm, 13C). Chemical
shifts are reported in ppm (d) and peak multiplicities are labeled
as s (singlet), d (doublet), t (triplet), q (quartet) and m (multiplet).
Coupling constants are given in Hertz.

Synthesis of 11-thialinoleic acid

8-Bromo-octanoic acid tert-butyl ester (5). A dry flask was
charged with 8-bromooctanoic acid (700 mg, 3.1 mmol) and
purged with nitrogen. Dichloromethane (30 mL) was added
and the solution was cooled to 0 ◦C. Trifluoroacetic anhydride
(0.96 mL, 6.9 mmol) was added dropwise. The reaction mixture
was stirred at 0 ◦C for 2.5 h, then tert-butanol (1 mL, 11 mmol)
was added slowly. After 1 h, the reaction was warmed to room
temperature. The reaction mixture was stirred for an additional
12 h, quenched with water (20 mL) and extracted with diethyl ether
(4 ¥ 20 mL). The combined organic layers were washed with brine
(2 ¥ 20 mL), dried over MgSO4, filtered and concentrated. The
resulting oil was purified by flash chromatography (20% diethyl
ether–pentane), yielding 5 (850 mg, 99%) as a clear oil. 1H NMR
(400 MHz, CDCl3) d 1.32 (m, 6 H), 1.45 (s, 9 H), 1.58 (m, 2 H),
1.85 (m, 2 H), 2.22 (t, J = 7.5 Hz, 2 H), 3.40 (t, J = 6.8 Hz,
2 H). 13C NMR (125.6 MHz, CDCl3) d 25.2 (CH2), 28.2 (CH2),
28.3 (CH3), 28.7 (CH2), 29.1 (CH2), 32.9 (CH2), 34.2 (CH2), 35.7
(CH2), 80.2 (Cq), 173.4 (Cq). The spectroscopic data agreed with
a previous report in the literature.65

Dec-9-ynoic acid tert-butyl ester (6). A dry flask was charged
with bromide 5 (300 mg, 1.1 mmol) and purged with nitrogen.
A 4 : 1 THF–HMPA mixture (10 mL total) was added and the
solution was cooled to -78 ◦C. A 0.5 M lithium(trimethylsilyl)
acetylide solution in THF (2.6 mL, 1.3 mmol) was added and
the reaction mixture was stirred at -78 ◦C for 1 h, then slowly
warmed to room temperature. After an additional 2 h, hexane
(25 mL) and saturated NH4Cl solution (25 mL) were added and
the layers were separated. The aqueous layer was extracted with
hexane (3 ¥ 20 mL). The combined organic layers were washed with
saturated NH4Cl solution (25 mL), dried over MgSO4, filtered
and concentrated. The resulting crude material was redissolved
in THF (15 mL). A 1 M solution of TBAF in THF (1.3 mL,
1.3 mmol) was added and the reaction mixture was stirred at room
temperature for 30 min. The reaction mixture was diluted with
diethyl ether (20 mL) and washed with water (20 mL). The aqueous
layer was extracted with diethyl ether (2 ¥ 20 mL). The combined
organic layers were washed with brine (25 mL), dried over MgSO4,
filtered and concentrated. The resulting oil was purified by flash
chromatography (20% diethyl ether–pentane), yielding 6 (155 mg,
65%) as a clear oil. 1H NMR (400 MHz, CDCl3) d 1.32 (m, 6 H),
1.44 (s, 9 H), 1.48–1.60 (m, 4 H), 1.93 (t, J = 2.7 Hz, 1 H), 2.18 (m,
4 H). 13C NMR (125.6 MHz, CDCl3) d 18.6 (CH2), 25.2 (CH2),
28.3 (CH3), 28.6 (CH2), 28.8 (CH2), 29.0 (CH2), 29.1 (CH2), 35.8
(CH2), 68.3 (CH), 80.1 (Cq), 84.9 (Cq), 173.5 (Cq). HRMS (CI,
M+) for C14H24O2 calculated 224.1855, found 224.1859.
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10-Hept-1-ynylsulfanyl-dec-9-ynoic acid tert-butyl ester (7). A
dry flask was charged with alkyne 6 (180 mg, 0.8 mmol) and purged
with nitrogen. THF (20 mL) was added, followed by 1-heptyne
(232 mg, 2.41 mmol) and the solution was cooled to -78 ◦C. A
1.6 M solution of n-butyllithium in THF (1.53 mL, 2.4 mmol) was
added dropwise and the reaction mixture was stirred at -78 ◦C.
After 30 min, sulfur dichloride (78 mL, 1.2 mmol) was added. The
reaction mixture was stirred at -78 ◦C for 2 h then slowly warmed
to room temperature. After an additional 3 h, the reaction was
quenched with water (20 mL) and extracted with diethyl ether
(4 ¥ 20 mL). The combined organic layers were washed with
brine (20 mL), dried over MgSO4, filtered and concentrated. The
resulting oil was purified by flash chromatography (5% diethyl
ether–pentane), yielding 7 (113 mg, 40%) as a yellow oil. 1H NMR
(400 MHz, CDCl3) d 0.89 (t, J = 7.2 Hz, 3 H), 1.26–1.38 (m, 10 H),
1.43 (s, 9 H), 1.46–1.60 (m, 6 H), 2.19 (t, J = 7.5 Hz, 2 H), 2.30
(t, J = 7.1 Hz, 4 H). HRMS (EI, M+) for C21H34O2S calculated
350.2280, found 350.2280.

10-Hept-1-enylsulfanyl-dec-9-enoic acid tert-butyl ester (8). A
dry flask was charged with tantalum pentachloride (820 mg,
2.28 mmol) and purged with nitrogen. Benzene (10 mL) and then
DME (10 mL) were added, followed by zinc powder (224 mg,
3.42 mmol) in one portion. The solution was stirred at room
temperature for 1 h. To the dark blue mixture was added pyridine
(72 mL, 0.86 mmol) and the red mixture was stirred for 5 min. A
solution of diyne 7 (100 mg, 0.29 mmol) and 1-hexyne (12 mL,
0.10 mmol) in a benzene–DME mixture (1 : 1 ratio, 8 mL) was
added via cannulation. The reaction mixture was stirred at room
temperature for 50 min, then additional pyridine (3 mL) was
added. After 5 min, a 1 M solution of NaOH (5 mL) was added and
the reaction mixture was vigorously stirred for 1 h. The mixture
was diluted with water (20 mL) and extracted with diethyl ether
(5 ¥ 30 mL). The combined organic layers were washed with brine
(2 ¥ 25 mL), dried over MgSO4, filtered and concentrated. The
resulting oil was purified by flash chromatography (4% diethyl
ether–pentane), yielding 8 (64 mg, 64%) as a clear oil. 1H NMR
(400 MHz, CDCl3) d 0.89 (t, J = 7.0 Hz, 3 H), 1.30 (m, 10 H),
1.40 (m, 4 H), 1.44 (s, 9 H), 1.57 (m, 2 H), 2.11 (m, 4 H), 2.20 (t,
J = 7.5 Hz, 2 H), 5.58 (m, 2 H), 6.00 (m, 2 H). 13C NMR (125.6
MHz, CDCl3) d 14.3 (CH3), 22.7 (CH2), 25.3 (CH2), 28.3 (CH3),
28.8 (CH2), 29.0 (CH2), 29.2 (CH2), 29.3 (CH2), 29.3 (CH2), 29.4
(CH2), 29.4 (CH2), 31.7 (CH2), 35.8 (CH2), 80.1 (Cq), 123.8 (CH),
123.9 (CH), 129.9 (CH), 130 (CH), 173.5 (Cq). HRMS (EI, M+)
for C21H38O2S calculated 354.2593, found 354.2590.

11-Thialinoleic acid (2). A flask was charged with tert-butyl
ester 8 (20 mg) and purged with nitrogen. DME (2 mL) was added,
followed by a 1 M LiOH solution (1 mL). The solution was stirred
at 50 ◦C for 40 h, and then cooled to room temperature. The
reaction mixture was acidified to a pH of 1 with 1 M HCl in
water and extracted with diethyl ether (7 ¥ 20 mL). The combined
organic layers were dried over MgSO4, filtered and concentrated.
The resulting oil was purified by flash chromatography (60%
diethyl ether–pentane), yielding a clear oil.

The product was further purified by reverse-phase HPLC
using a Varian Dynamax Microsorb 100–5 C18 column on
a Rainin system (Dynamax model SD-200 pump and model
UV-1 detector). Isocratic conditions were used as follows: 68%
acetonitrile, 31.9% water, 0.1% acetic acid at a flow rate of 1 mL

min-1. Detection was performed at 210 nm. The desired product
eluted at 40 min and after removal of the solvents, 2 (12 mg, 70%)
was obtained as a clear oil. 1H NMR (400 MHz, CDCl3) d 0.89
(t, J = 7.0 Hz, 3 H), 1.29–1.44 (m, 14 H), 1.64 (m, 2 H), 2.12 (q,
J = 7.1 Hz, 4 H), 2.35 (t, J = 7.6 Hz, 2 H), 5.58 (m, 2 H), 6.00 (m,
2 H). HRMS (EI, M+) for C17H30O2S calculated 298.1967, found
298.1962. The purity of the compound was also checked using
a reverse-phase silver-impregnated Varian ChromSpher 5 Lipids
column (25 cm ¥ 4.6 mm), which showed that only one isomer was
present.

Synthesis of 14-thialinoleic acid

9-Hydroxy-nonanoic acid methyl ester (10). A dry flask was
charged with azelaic acid monomethyl ester, technical grade 85%
(995.5 mg, 4.92 mmol) and purged with nitrogen. THF (30 mL)
was added, and the solution cooled to -78 ◦C. A 1.0 M solution of
BH3–THF in THF (5.4 mL, 5.41 mmol) was added dropwise. The
reaction mixture was stirred at -78 ◦C for 30 min, and then warmed
to room temperature. After an additional 2.5 h, the reaction was
quenched with water and extracted with diethyl ether (5 ¥ 30 mL).
The combined organic layers were washed with water (1 ¥ 30 mL),
dried with MgSO4, filtered and concentrated. The resulting oil
was purified by flash chromatography (75% diethyl ether–pentane)
yielding 10 (565 mg, 88%) as a clear oil. The yield was corrected
based on the purity of the starting material. 1H NMR (400 MHz,
CDCl3) d 1.28–1.42 (m, 8 H), 1.52–1.64 (m, 4 H), 2.30 (t, J = 7.5
Hz, 2 H), 3.63 (t, J = 6.6 Hz, 2 H), 3.66 (s, 3 H). 13C NMR (125.6
MHz, CDCl3) d 25.1 (CH2), 25.8 (CH2), 29.2 (CH2), 29.4 (CH2),
29.4 (CH2), 32.9 (CH2), 34.3 (CH2), 51.7 (CH2), 63.2 (CH2), 174.6
(Cq). HRMS (EI, M+) for C10H20O3 calculated 188.1413, found
188.1411. IR (cm-1): 3369 (broad), 2931, 2857, 1740, 1438.

9-Bromo-nonanoic acid methyl ester (11). A dry flask was
charged with triphenylphosphine (386.6 mg, 1.20 mmol) and
purged with nitrogen. CH2Cl2 (10 mL) was added, and the solution
cooled to 0 ◦C. Bromine (55 mL, 1.12 mmol) was added and the
reaction mixture stirred for 20 min. Pyridine (150 mL, 1.36 mmol)
was added and the reaction mixture was stirred an additional
20 min. A solution of the alcohol 10 (151.3 mg, 0.80 mmol) in
CH2Cl2 (3 mL) was then added via cannulation. The reaction
mixture was stirred at 0 ◦C for 2 h, quenched with water and
extracted with diethyl ether (5 ¥ 30 mL). The combined organic
layers were washed with water (1 ¥ 20 mL), dried with MgSO4,
filtered and concentrated. The resulting oil was purified by flash
chromatography (10% diethyl ether–pentane) yielding 11 (179 mg,
89%) as a clear oil. 1H NMR (500 MHz, CDCl3) d 1.28–1.34 (m,
6 H), 1.38–1.45 (m, 2 H), 1.56–1.67 (m, 2 H), 1.81–1.87 (m, 2 H),
2.30 (t, J = 7.6 Hz, 2 H), 3.40 (t, J = 6.9 Hz, 2 H), 3.66 (s, 3 H).
13C NMR (125.6 MHz, CDCl3) d 25.1 (CH2), 28.3 (CH2), 28.8
(CH2), 29.20 (CH2), 29.24 (CH2), 33.0 (CH2), 34.2 (CH2), 34.3
(CH2), 51.7 (CH3), 174.5 (Cq). HRMS (CI, M+) for C10H20BrO2

calculated 251.0647, found 251.0645. IR (cm-1): 2931, 2856, 1740,
1461, 1436.

Phosphonium salt of 9-bromo-nonanoic acid methyl ester (12).
A dry flask was charged with bromide 11 (166.2 mg, 0.66 mol) and
purged with nitrogen. Acetonitrile (4 mL) was added, followed
by triphenylphosphine (521.7 mg, 1.98 mmol). The reaction was
heated at 80 ◦C for 60 h, and then cooled to 25 ◦C. The solution
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was loaded directly onto a column impregnated with 50% diethyl
ether–pentane to elute the excess triphenylphosphine. The mobile
phase was then switched to 7% methanol–dichloromethane to
elute 12 (314 mg, 95%) as a clear oil. 1H NMR (500 MHz, CDCl3)
d 1.10–1.22 (m, 6 H), 1.42–1.58 (m, 6 H), 2.16 (t, J = 7.6 Hz, 2 H),
3.54 (s, 3 H), 3.56–3.63 (m, 2 H), 7.60–7.65 (m, 6 H), 7.69–7.76 (m,
9 H). 13C NMR (125.6 MHz, CDCl3) d 22.68 (CH2), 22.74 (CH2),
23.1 (CH2), 24.9 (CH2), 28.9 (CH2), 29.04 (CH2), 29.06 (CH2), 30.4
(CH2), 30.5 (CH2), 34.1 (CH2), 51.6 (CH3), 118.4 (d, J = 85.8 Hz,
Cq), 130.7 (d, J = 12.5 Hz, CH), 133.8 (d, J = 9.7 Hz, CH), 135.3
(d, J = 2.8 Hz, CH), 174.4 (s, Cq). 31P NMR (202.3 MHz, CDCl3)
25.2 (s). HRMS (ESI, M - Br) for C28H34O2P calculated 433.2296,
found 433.2297.

But-3-ynyloxy-triisopropyl-silane (14). A flask was charged
with 3-butynol (0.8 g, 11.4 mmol) and purged with nitrogen.
Dichloromethane (20 mL) was added and the reaction was cooled
to 0 ◦C. Imidazole (860 mg, 12.6 mmol) was added, followed by
TIPSCl (2.42 g, 12.6 mmol). The reaction mixture was stirred
at 0 ◦C for 3 h then slowly warmed to room temperature. The
solution was washed with water (2 ¥ 20 mL) and the aqueous layer
was extracted with dichloromethane (2 ¥ 20 mL). The combined
organic layers were washed with brine (20 mL), dried over MgSO4,
filtered and concentrated. The resulting oil was purified by flash
chromatography (10% diethyl ether–pentane) to yield 14 (2.45 g,
95%) as a clear oil. 1H NMR (500 MHz, CDCl3) d 1.05 (m, 21 H),
1.95 (t, J = 2.7 Hz, 1 H), 2.43 (td, J = 2.7, 7.4 Hz, 2 H), 3.82 (t,
J = 7.4 Hz, 2 H). 13C NMR (100.6 MHz, CDCl3) d 12.2 (CH),
18.2 (CH3), 23.1 (CH2), 62.2 (CH2), 69.5 (CH), 81.7 (Cq). HRMS
(EI, M+) for C13H27OSi calculated 227.1831, found 227.1829.

(4-Butylsulfanyl-but-3-ynyloxy)-triisopropyl-silane (15). A
flask was charged with protected alcohol 14 (497.5 mg,
2.19 mmol) and purged with nitrogen. THF (20 mL) was added
and the reaction was cooled to -78 ◦C. A 1.6 M solution of
n-butyllithium in THF (1.5 mL, 2.42 mmol) was added dropwise
and the reaction mixture was stirred for 30 min. Butyl disulfide
(490 mL, 2.74 mmol) was then added dropwise. The reaction
mixture was stirred at -78 ◦C for 20 min then slowly warmed
to room temperature. After an additional 19 h, the reaction
was quenched with water and extracted with diethyl ether (4 ¥
30 mL). The combined organic layers were washed with water
(1 ¥ 30 mL), dried with MgSO4, filtered and concentrated. The
resulting oil was purified by flash chromatography (gradient from
100% pentane to 5% diethyl ether–pentane) yielding 15 (656 mg,
94%) as a clear oil. 1H NMR (500 MHz, CDCl3) d 0.93 (t, J =
7.3 Hz, 3 H), 1.03–1.13 (m, 21 H), 1.42 (sextet, J = 7.4 Hz, 2 H),
1.66–1.72 (m, 2 H), 2.55 (t, J = 7.2 Hz, 2 H), 2.66 (t, J = 7.3 Hz,
2 H), 3.79 (t, J = 7.3 Hz, 2 H). 13C NMR (100.6 MHz, CDCl3) d
12.2 (CH), 13.9 (CH3), 18.2 (CH3), 21.7 (CH2), 24.8 (CH2), 31.5
(CH2), 35.3 (CH2), 62.4 (CH2), 70.0 (Cq), 91.2 (Cq). HRMS (CI,
M+) for C17H35OSiS calculated 315.2178, found 315.2179.

(4-Butylsulfanyl-but-3-enyloxy)-triisopropyl-silane (16). A dry
flask was charged with tantalum pentachloride (1.10 g, 3.13 mmol)
under a nitrogen atmosphere. Benzene (10 mL) was added,
followed by anhydrous DME (10 mL). Zinc powder (301.2 mg,
4.70 mmol) was added in one portion to the yellow solution
and the reaction mixture was stirred at room temperature for
45 min. The reaction mixture turned a dark purple colour, and

then pyridine (140 mL, 1.25 mmol) was added. After 5 min, the
reaction mixture turned slightly red, and a solution of the alkyne
15 in a benzene–DME mixture (1 : 1 ratio, 6 mL) was added
via cannulation. The reaction mixture was stirred under nitrogen
for 1 h, and then pyridine (2.3 mL, 20.8 mmol) was added and
stirred for 5 min. The reaction was quenched with 1 M NaOH in
water (8 mL) and stirred vigorously for 25 min. The mixture was
extracted with diethyl ether (4 ¥ 50 mL), and then the combined
organic layers were washed with water (1 ¥ 20 mL), dried with
MgSO4, filtered and concentrated. The resulting oil was purified
by flash chromatography (2% diethyl ether–pentane) yielding 16
(287 mg, 87%) as a clear oil. 1H NMR (400 MHz, CDCl3) d 0.91
(t, J = 7.3 Hz, 3 H), 1.03–1.12 (m, 21 H), 1.36–1.45 (m, 2 H),
1.56–1.63 (m, 2 H), 2.38 (dq, J = 1.3 Hz, 6.9 Hz, 2 H), 2.65 (t,
J = 7.4 Hz, 2 H), 3.72 (t, J = 6.8 Hz, 2 H), 5.62 (td, J = 7.2 Hz,
9.5 Hz, 1 H), 5.98 (td, J = 1.4 Hz, 9.5 Hz, 1 H). 13C NMR (100.6
MHz, CDCl3) d 12.2 (CH), 13.9 (CH3), 18.3 (CH3), 21.9 (CH2),
32.7 (CH2), 33.2 (CH2), 33.8 (CH2), 62.6 (CH2), 125.9 (CH), 126.9
(CH). HRMS (EI, M+) for C17H36OSiS calculated 316.2256, found
316.2263. IR (cm-1): 2944, 2866, 1727, 1716, 1464.

4-Butylsulfanyl-but-3-en-1-ol (17). A dry flask was charged
with protected alcohol 16 (106.6 mg, 0.34 mmol) and purged with
nitrogen. THF (6 mL) was added, and the reaction was cooled to
0 ◦C. A 1.0 M solution of TBAF in THF (440 mL, 0.44 mmol)
was added dropwise and the reaction mixture was stirred at 0 ◦C.
After 90 min, the solvent was removed under vacuum and the
resulting oil purified by flash chromatography (50% diethyl ether–
pentane) yielding 17 (49 mg, 91%) as a clear oil. 1H NMR (400
MHz, CDCl3) d 0.91 (t, J = 7.3 Hz, 3 H), 1.36–1.45 (m, 3 H),
1.56–1.64 (m, 2 H), 2.41 (dq, J = 1.4 Hz, 6.5 Hz, 2 H), 2.67 (t,
J = 7.4 Hz, 2 H), 3.70 (q, J = 6.3 Hz, 2 H), 5.58 (td, J = 7.3 Hz,
9.5 Hz, 1 H), 6.09 (td, J = 1.3 Hz, 9.5 Hz, 1 H). 13C NMR (100.6
MHz, CDCl3) d 13.9 (CH3), 21.9 (CH2), 32.6 (CH2), 32.9 (CH2),
33.8 (CH2), 62.1 (CH2), 124.7 (CH), 128.7 (CH). HRMS (EI, M+)
for C8H16OS calculated 160.0922, found 160.0924. IR (cm-1): 3350
(broad), 2958, 2929, 2874, 1608, 1465.

4-Butylsulfanyl-but-3-enal (18). A dry flask was charged with
Dess–Martin periodinane (75.5 mg, 0.18 mmol) and purged with
nitrogen. CH2Cl2 (6 mL) was added, and the solution was cooled
to 0 ◦C. A solution of alcohol 17 (28.1 mg, 0.175 mmol) in CH2Cl2

(2 mL) was added via cannulation. After 10 min, the reaction was
slowly warmed to 25 ◦C and stirred for an additional 30 min.
The reaction mixture was then diluted with pentane (75 mL) and
washed with water (4 ¥ 15 mL). The organic layer was dried with
MgSO4, filtered and concentrated. The resulting oil 18 was used
without further purification. 1H NMR (500 MHz, CDCl3) d 0.91
(t. J = 7.3 Hz, 3 H), 1.36–1.44 (m, 2 H), 1.57–1.63 (m, 2 H), 2.70
(t, J = 7.3 Hz, 2 H), 3.28 (td, J = 1.5 Hz, 7.0 Hz, 2 H), 5.72 (td,
J = 7.0 Hz, 9.5 Hz, 1 H), 6.26 (td, J = 1.4 Hz, 9.5 Hz, 1 H),
9.66 (t, J = 1.6 Hz, 1 H). 13C NMR (125.6 MHz, CDCl3) d 13.8
(CH3), 21.8 (CH2), 32.6 (CH2), 33.9 (CH2), 44.1 (CH2), 117.5 (CH),
131.1 (CH), 200.0 (Cq). HRMS (EI, M+) for C8H14OS calculated
158.0765, found 158.0764.

Methyl 14-thialinoleate (19). A dry flask was charged with
phosphonium salt 12 (113.5 mg, 0.225 mmol) and purged with
nitrogen. THF (10 mL) was added and the solution cooled
to -78 ◦C. A 1.0 M solution of NaHMDS in THF (210 mL,
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0.21 mmol) was added dropwise and the reaction mixture stirred
for 1 h at -78 ◦C. A solution of aldehyde 18 in THF (1 mL) was
then added dropwise over 30 min. The reaction mixture was stirred
at -78 ◦C for 2 h, then slowly warmed to 25 ◦C. After stirring an
additional 16 h, the reaction was quenched with water (30 mL) and
extracted with diethyl ether (4 ¥ 40 mL). The combined organic
layers were washed with water (1 ¥ 20 mL), dried with MgSO4,
filtered and concentrated. The resulting oil was purified by flash
chromatography (10% diethyl ether–pentane) yielding 19 (32 mg,
58% over 2 steps) as a clear oil. 1H NMR (500 MHz, CDCl3) d 0.92
(t, J = 7.4 Hz, 3 H), 1.24–1.44 (m, 14 H), 1.52–1.64 (m, 6 H), 2.06
(q, J = 6.8 Hz, 2 H), 2.30 (t, J = 7.5 Hz, 2 H), 2.66 (t, J = 7.4 Hz, 2
H), 2.85 (t, J = 6.8 Hz, 2 H), 3.66 (s, 3 H), 5.32–5.43 (m, 2 H), 5.50
(td, J = 7.1 Hz, 9.3 Hz, 1 H), 5.92 (td, J = 1.5 Hz, 9.3 Hz, 1 H). 13C
NMR (125.6 MHz, CDCl3) d 13.9 (CH3), 21.9 (CH2), 25.1 (CH2),
27.4 (CH2), 27.7 (CH2), 29.27 (CH2), 29.32 (CH2), 29.35 (CH2),
29.8 (CH2), 32.6 (CH2), 33.8 (CH2), 34.3 (CH2), 51.7 (CH3), 125.6
(CH), 127.0 (CH), 127.7 (CH), 131.1 (CH), 174.6 (Cq). HRMS
(EI, M+) for C18H32O2S calculated 312.2123, found 312.2124.

14-Thialinoleic acid (3). A flask was charged with methyl ester
19 (7 mg, 0.02 mmol) and purged with nitrogen. DME (2 mL) was
added, followed by a 1 M solution of LiOH in water (1 mL). The
solution was stirred at room temperature for 24 h. The reaction
mixture was acidified to a pH of 1 by adding 1 M HCl in water and
extracted with diethyl ether (7 ¥ 20 mL). The combined organic
layers were dried over MgSO4, filtered and concentrated. The
resulting oil was purified by flash chromatography (60% diethyl
ether–pentane) to yield a clear oil.

The product was further purified by reverse-phase HPLC using a
Varian Dynamax Microsorb 100-5 C18 column on a Rainin system
(Dynamax model SD-200 pump and model UV-1 detector).
Isocratic conditions were as follows: 70% acetonitrile, 29.9% water,
0.1% acetic acid at a flow rate of 1 mL min-1. Detection was
performed at 210 nm. The desired product eluted at 24 min and
after removal of the solvents, 3 (4 mg, 60%) was obtained as a
clear oil. 1H NMR (400 MHz, CDCl3) d 0.91 (t, J = 7.3 Hz, 3 H),
1.25–1.45 (m, 10 H), 1.55–1.65 (m, 4 H), 2.06 (q, J = 6.5 Hz, 2 H),
2.35 (t, J = 7.6 Hz, 2 H), 2.66 (t, J = 7.5 Hz, 2 H), 2.85 (t, J =
6.9 Hz, 2 H), 5.33–5.44 (m, 2 H), 5.50 (td, J = 7.1, 9.4 Hz, 1 H),
5.93 (td, J = 1.5 Hz, 9.3 Hz, 1 H). HRMS (EI, M+) for C17H30O2S
calculated 298.1967, found 298.1962. The purity of the compound
was also checked using a reverse-phase silver-impregnated Varian
ChromSpher 5 Lipids column (25 cm ¥ 4.6 mm), which showed
that only one isomer was present.

Lipoxygenase protein purification

For sLO-1, the expression and purification procedure developed
by Holman and coworkers66 was used with modifications. Cells
of BL21 Escherichia coli carrying the plasmid PT7–7/L1 VT-
SLO-11 were grown in Luria-Bertani broth at 37 ◦C. When the
OD600 reached 1, ethanol was added to give a 3% solution and
the cells were cooled to 15 ◦C and shaken overnight. The cells
were harvested and resuspended in 50 mL of 50 mM Bis-Tris
buffer (pH 7.5) containing 10% glycerol, 0.1% Triton X-100,
and 500 mM NaCl. The cells were lysed by sonication at 4 ◦C.
The resulting mixture was centrifuged at 20 000g for 20 min to
remove cell remains. The supernatant was kept and dialyzed for
2 h versus 20 mM Bis-Tris buffer (pH 6.0). The solution was

loaded onto an equilibrated SP-Sephadex column (120 mL), and
the column was washed with buffer until the eluting solution did
not contain any protein (A280 < 0.05). sLO-1 was then eluted
with 500 mM NaCl in Bis-Tris buffer (pH 6.0). Activity assays
were performed by adding aliquots of the fractions to LA and
monitoring product formation at 235 nm. Fractions showing
activity were combined and concentrated in an Amicon pressure
concentrator to 35 mL. The solution was dialyzed versus 3.5 L
of 20 mM Bis-Tris buffer (pH 6.0) overnight and centrifuged at
12 000g for 15 min to remove a white precipitate that formed. The
supernatant was loaded onto an equilibrated Macro-Prep column
(25 mL). The column was washed with starting buffer and the
protein was eluted with a step gradient of 500 mM NaCl and
20 mM Bis-Tris (pH 6.0). Activity assays were repeated as above
and SDS-PAGE was performed to confirm the presence of a 94
kDa band. The fractions showing activity and containing purified
protein were pooled and concentrated in an Amicon pressure
concentrator to a volume of 5 mL. The solution was diluted in
borate buffer (100 mM, pH 10.0) with 30% glycerol before being
concentrated again. The final solution was frozen in liquid nitrogen
and stored at -80 ◦C. SDS-PAGE gel indicated greater than 90%
purity.

12-hLO and 15-hLO-1 were expressed and purified as described
previously.67 Briefly, these two enzymes contained hexa-His tags,
and were purified in one step by Ni2+ affinity chromatography.
The iron content of the lipoxygenase enzymes were determined
on a Finnegan inductively coupled plasma mass spectrometer,
using internal standards of cobalt(II)–EDTA, and the data were
compared with those of standardized iron solutions. The two
isozymes yielded approximately 50 mg L-1 of purified protein
and were greater than 90% pure as judged by SDS-PAGE. As
isolated, the human enzymes had the following iron content: 0.33
± 0.02 equiv per 15-hLO-1, and 0.28 ± 0.03 equiv per 12-hLO.
The enzymes were frozen at -80 ◦C, with glycerol added (20% for
12-hLO and 10% for 15-hLO-1) to prevent inactivation. All kinetic
data reported herein were corrected for iron content by adjusting
enzyme concentrations to reflect the active fraction containing
metal.

HPLC purification of arachidonic and linoleic acids

Arachidonic acid and linoleic acid were purchased from Sigma-
Aldrich (Milwaukee, WI). 11,11-d2-Linoleic acid was synthesized
as previously described.68,69 All fatty acids were repurified by
reverse phase HPLC on a Varian Dynamax Microsorb 100–5 C18
column (25 cm ¥ 10 mm) prior to use in kinetic experiments to
ensure that no auto-oxidation products were present. Solution
A was 99.9% acetonitrile and 0.1% acetic acid, while solution B
was 99.9% water and 0.1% acetic acid. For arachidonic acid, an
isocratic elution of 82% A and 18% B was used; for linoleic acid
and 11,11-d2-linoleic acid, an isocratic elution of 88% A and 12%
B was used. Both runs were monitored at 210 nm and the elution
time was 14 min for arachidonic acid and 11 min for linoleic acid.
In order to make sure that only the all-cis isomers were present, the
purified compounds were analyzed on a silver-impregnated Varian
ChromSpher 5 Lipids column (25 cm ¥ 4.6 mm) at 210 nm using
a solvent of 99% hexane and 1% acetonitrile. In all cases, only one
peak was observed. The fatty acids were dissolved in ethanol and
stored under argon at -80 ◦C.
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Kinetic inhibition studies with thialinoleic acids

Kinetic assays were performed in 1 mL of borate buffer (100 mM,
pH 10.0) or HEPES buffer (25 mM, pH 7.5). Both buffers
were saturated with oxygen before the assays were performed.
The concentrations of fatty acid solutions were determined
by incubating the substrate with commercial soybean lipoxy-
genase (Sigma-Aldrich Chemical Company) and measuring the
absorbance at 235 nm after the reaction was complete (e =
23 000 L mol-1 cm-1 for 13-HPODE and 27 000 L mol-1 cm-1 for
15-HPETE).70,71

The 13-HPODE solution used to activate sLO-1 and 15-hLO-1
was prepared by mixing linoleic acid (350 mM) and sLO-1 (10 nM)
and allowing them to react for 30 min at 0 ◦C. The solution
was then filtered through a YM-30 Centricon microconcentrator
(Millipore Corporation) to remove sLO-1. The concentration
was determined by measuring the absorbance at 235 nm. The
solution was checked for any remaining LA by adding fresh sLO-
1 and monitoring at 235 nm to see if any more product was
generated.

For sLO-1, the inhibitor and linoleic acid were combined in the
buffer and the reaction was initiated by the addition of enzyme
(4 nM). For sLO-1 reactions with arachidonic acid, 13-HPODE
was added to a final concentration of 16 mM before the addition
of enzyme. For 15-hLO-1, kinetic assays were performed for
the reactions with linoleic acid and arachidonic acid. Substrate,
inhibitor and 13-HPODE (7 mM) were combined in the buffer,
then the reaction was initiated by the addition of enzyme (16 nM).
Finally, for 12-hLO, the inhibitor and arachidonic acid were
combined in the buffer and the reaction was initiated by the
addition of enzyme (2 nM). The 12-hLO reaction was also
monitored in the presence of 13-HPODE (16 mM) to see if the
inhibition mode was altered.

Initial rates were measured on a Cary 100 Bio UV–visible
spectrophotometer (Varian Inc.) by following product formation
at 235 nm at room temperature. All kinetic parameters were
determined by fitting the data to the Michaelis–Menten equation
using KaleidaGraph 4.0 (Synergy Software). Double-reciprocal
plots were fitted to competitive and noncompetitive models to
obtain inhibition parameters using a Fortran program designed by
W. W. Cleland.72 The parameters thus obtained for each inhibition
model are shown in the ESI.†

KIE measurement of 15-hLO-1 in the presence of inhibitor

The kinetic isotope effect on kcat/Km was determined for the
reaction of 15-hLO-1 with linoleic acid. Steady-state rates using
protiated LA and 11,11-d2-LA were compared at a variety of
concentrations of 11-thiaLA. The concentrations of solutions of
linoleic acid and 11,11-d2-LA were determined by incubating
the substrate with commercial sLO (Sigma-Aldrich Chemical
Company) and measuring the absorbance at 235 nm after the
reaction was complete. Assays were performed in 1 mL of
O2-saturated HEPES buffer (25 mM, pH 7.5). The LA and
11,11-d2-LA concentrations ranged from 1 to 12 mM, while the
concentrations of 11-thiaLA used were 0, 15, 30 and 45 mM.
The reaction was initiated by addition of 15-hLO-1 (22 nM
for protiated substrate and 220 nM for deuterated substrate)
and initial rates were measured. All kinetic parameters were

determined by fitting the data to the Michaelis–Menten equation
using KaleidaGraph 4.0 (Synergy Software).

HPLC analysis of product distributions

Authentic standards of 9-HODE, 13-HODE, 8-HETE, 11-HETE,
12-HETE and 15-HETE standards in ethanol were purchased
from Cayman Chemical Company. Using an isocratic elution of
55% A–45% B afforded the separation of commercially obtained
standards of 13-HODE, 15-HETE, 11-HETE, 8-HETE, 12-
HETE. Under all the conditions tested, 8- and 12-HETE coeluted.
The elution times were 35, 40, 45, and 50 min, respectively, for
13-HODE, 15-HETE, 11-HETE, and 8-HETE/12-HETE. 13-
HODE was the corresponding alcohol to 13-HPODE, which was
added as an activator in the kinetic experiments involving 15-hLO-
1. For experiments on the regioselectivity of sLO-1, the separation
of 9-HODE and 13-HODE required an isocratic elution of 52%
A–48% B. In this case, the elution times were 82 and 84 minutes
for 9-HODE and 13-HODE, respectively.

For each experiment, substrate (LA or AA; 15 mM) was
combined with enzyme (12-hLO, 15-hLO-1 or sLO-1; 50 nM)
in 1 mL of HEPES buffer (25 mM, pH 7.5). Assays were
performed in the absence or presence of 11-thiaLA (concentration
of 5 ¥ K i). The reaction was monitored at 235 nm using a Cary
UV–Vis spectrophotometer and reaction products were isolated
after 15 min. When the reaction stopped, the substrate was not
always entirely consumed in the case of 15-hLO-1 due to enzyme
autoinactivation as previously reported.54 However, since HPLC
analysis was performed at 235 nm, unreacted substrate did not
interfere with product analysis because it did not absorb at that
wavelength. In general, three 1 mL assays were performed; the
products were pooled, acidified to pH 1 using 1 N HCl in water
and extracted with dichloromethane (5 ¥ 2 mL). The combined
organic layers were dried by passing through a Pasteur pipette
containing MgSO4 and concentrated under a steam of nitrogen
gas. The HPODE or HPETE residue was reconstituted in dry
THF (120 mL).

The enzymes synthesize hydroperoxides, but only a subset of
these are commercially available, whereas all of the corresponding
alcohol standards are available. Therefore, the enzymatic products
were reduced with sodium borohydride prior to analyzing the
product mixture. An aliquot of hydroperoxide solution (20 mL)
was reduced by adding a 0.1 M NaBH4 solution in dry THF
(10 mL) and allowing the reaction to proceed for 5 min at 0 ◦C.
The reaction was quenched by adding 1 N HCl in water (10 mL) and
waiting until gas evolution had ceased. The solution was analyzed
by HPLC at 235 nm and the composition of the mixture was
determined by comparison of peak areas.

To evaluate the potential consumption of the inhibitors, the
mobile phase was switched to 80% A–20% B at 60 min when all
of the HETE compounds had eluted. Under these conditions, a
peak eluted at 72 min and was identified as 11-thiaLA based on
co-injection with pure inhibitor.
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