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A new series of sulfur-containing competitive inhibitors for lipoxygenase-1 from soybeans
has been synthesized and characterized. The compounds resemble the g-half of the product
of catalysis, and can, therefore, be thought of as half-product analogs. A series of inhibitors
differing in the length of the g-terminal aliphatic substituent was assembled. Lipoxygenase-
1 inhibition at pH 9 was greatest for (E)-4-thia-2-undecenal, the compound bearing the n-
C7H15 substituent. Longer or shorter aliphatic substituents provided less effective inhibitors.
This optimal fit of the inhibitory compounds reflecting the known substrate specificity of the
enzyme along with the competitive inhibition kinetics displayed by these substances implicated
an active site interaction. The relatively uncomplicated features of the compounds made it
possible to explore synthetically for other aspects of the structure favorable for an inhibitory
effect. Compounds containing functional groups other than the aldehyde at the 1-position
were all less effective inhibitors. In addition to the optimal hydrophobic substituent, an
electron-rich region in the molecule was also critical to the inhibitory effect. a,b-Unsaturated
aldehydes were about 10 times more effective inhibitors than the saturated analogs. The 4-
thia substituent was not absolutely required for inhibition, but electron density at this position
was important. c,d-Unsaturation replaced the sulfur in this capacity with little effect on the
inhibition constant. The electron-rich aldehydes showed no tendency to form hydrates in
aqueous solution or Schiff base adducts with the enzyme. Physical evidence for a protein–ligand
interaction was sought in a series of 1H NMR spectroscopy experiments. There was clear
evidence for a specific interaction between the compounds and the enzyme in these
measurements.  1996 Academic Press, Inc.

Lipoxygenase is a key enzyme in polyunsaturated fatty acid metabolism (1). The
catalyzed reaction (Scheme 1) involves the incorporation of molecular oxygen into
the polyunsaturated system to produce a hydroperoxide product, i.e., catalysis of
the autoxidation reaction. The natural substrates for the enzyme are methylene
interrupted all Z polyenoic acids. The most extensively studied form of the enzyme,
lipoxygenase-1 from soybeans, shows a strong preference for oxygenation of the
substrate at the g-6 position when the reaction is carried out at pH 9 (2). Conse-
quently, compounds like linoleic and arachidonic acid are excellent substrates.
Increasing the number of carbons in the hydrophobic substituent of the fatty acid
drastically reduces the rate of oxygenation. For example, while linoleic acid and
8,11,14-eicosatrienoic acid are excellent substrates, 7,10-octadecadienoic acid and
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SCHEME 1

8,11,14-docosatrienoic acid are oxygenated at less than 10% of the rate of the
compounds with the same number of carbons (3). More recently, studies on com-
plete series of synthetic diene and triene substrates have confirmed these earlier
findings (4). Taken together, these observations have led to the conclusion that
lipoxygenase-1 binds its substrate in a hydrophobic pocket with a depth that fixes
the polyunsaturated system in position for oxygenation. The recently published
crystal structure of the enzyme reveals a long narrow channel in the protein lined
with hydrophobic residues that may serve this function (5).

The portion of the structure of the substrate on the carboxylic acid side of the
polyunsaturated system is much less critical to the oxygenation rate. For example,
diene, triene, and tetraene substrates with 18, 20, and 22 total carbon atoms are all
oxygenated at comparable rates as long as a product at the g-6 position can be
obtained (3). Further, Kyler has demonstrated the regioselective oxygenation of
certain nonnatural substrates incorporating an ester function that replaces methyl-
ene units in the carboxylate arm (6). This shows that the enzyme can tolerate
functional group modifications in addition to variations in the chain length on the
UCOOH side of the substrate.

Lipoxygenase-1 contains a single iron atom in a unique nonheme environment
(7). When the enzyme is isolated from soybeans (native) the metal cofactor is
present as iron(II). Treatment of native lipoxygenase-1 with one equivalent of
the product hydroperoxide causes the oxidation of the iron atom to produce the
active iron(III) form of the enzyme (8). The time course for catalysis initiated
with the native enzyme is characterized by a significant lag phase. The rate of
the catalyzed reaction increases with time as the iron(III) form of the enzyme
is produced (9). Redox cycling of the iron atom is probably also involved in the
catalytic turnover of the enzyme (10). The activating effect of the product on
lipoxygenase-1 is specific: simple organic hydroperoxides are ineffective. Further,
the concentration dependence of the product activating effect displays saturation
behavior in kinetics experiments (11). This means that the enzyme has selective
binding interactions not only with its substrates, but also with the product. Whether
these compounds interact with lipoxygenase-1 at a common site or through distinct
sites is not presently known.

The substrate and product binding sites as well as the mechanism of action of
lipoxygenase-1 have been probed in a number of studies of the inhibition of catalysis.
One class of inhibitors is composed of compounds capable of reducing the iron
cofactor (12–15). Inhibition was observed as a reduction in the steady state rate,



HALF-PRODUCT ANALOGS INHIBIT LIPOXYGENASE-1 97

an increase in the lag phase for the enzyme, or both effects. Compounds with this
capability are structurally unrelated and include catechols, N-alkylhydroxylamines,
2-benzyl-1-naphthols, and a diaryl-N-hydroxyurea. It is not clear at present whether
this diverse collection of substances gains access to the iron atom through the
substrate channel or by some other path. Inhibitory substrate analogs, including
product analogs and mechanism based inactivators of lipoxygenase-1, have also
been described. Irreversible inactivation of the enzyme by compounds incorporating
modifications to the structure of the substrate or product has been observed in a
number of studies. For example, acetylenic analogs of the substrate like 5,8,11,14-
eicosatetraynoic acid (ETYA) (16), 13-thiaarachidonic acid (17), (10Z, 13Z)-12-
methylidene-10,13-nonadecadienoic acid (18), hexanal phenylhydrazone (19), and
(Z)-12-iodo-9-octadecenoic acid (20) all inactivated lipoxygenase-1 without having
the carbon chain become covalently attached to the protein. In the studies of
ETYA and hexanal phenylhydrazone, it was demonstrated that inactivation was
accompanied by oxidation of methionine residues to the corresponding sulfoxide
(21).

Competitive inhibition of lipoxygenase-1 has been reported for relatively few
compounds. Monoenoic fatty acids like oleic and erucic acids, which could be
considered unreactive substrate analogs, have this capacity (22). Straight chain
alcohols with even numbers of carbons (C4–C12) were also found to be competitive
inhibitors of lipoxygenase-1 with Ki values in the range of 0.1–50 mM (23). The
longer n-alcohols were the most effective inhibitors with the C8–C12 compounds
having comparable values of Ki . It was concluded that the alcohols inhibited the
enzyme by binding an aliphatic substituent to the active site by a hydrophobic
interaction. Quite recently chain breaking antioxidants like ascorbic acid were
found to be competitive inhibitors of lipoxygenase-1 (24). This discovery was
unexpected since the compounds bear little structural resemblance to the substrate
or product. The most effective inhibitor was 6-palmitoylascorbic acid (Ki , 3 eM),
which has a clearly hydrophobic element, but ascorbic acid alone and trolox were
also good inhibitors (Ki , 27 eM and 18 eM, respectively). It is not immediately
apparent how these compounds could navigate the narrow channel in the published
structure of the protein proposed to provide access for the substrate to the vicinity
of the iron center without a substantial rearrangement of the amino acid side chains.

We have previously reported on a synthetic product analog for lipoxygenase-1
bearing a sulfur atom at the 13 position, (9Z, 11E)-13-thia-9,11-octadecadienoic
acid, which was found to be a competitive inhibitor (Ki , 30 eM) (25). This compound
was obtained from the Wittig coupling reaction between the triphenylphosphonium
salt of 9-bromononanoic acid and (E)-4-thia-2-nonenal. In the course of screening
compounds for effects on lipoxygenase catalysis, (E)-4-thia-2-nonenal itself was
found to be an effective inhibitor. Expanding on this observation, we report here
on the preparation and characterization of a homologous series of aldehydes that
can best be described as half-product analogs. This led to the discovery of a new
class of competitive inhibitors for lipoxygenase-1 and provided an opportunity to
explore more closely the structural features responsible for an enzyme-inhibitor
interaction in a readily manipulated set of small molecules.
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EXPERIMENTAL

Materials

Lipoxygenase-1 was obtained from soybeans cv. Provar (26). The concentration
of the enzyme was determined from the absorbance at 280 nm using a molar
extinction coefficient of 120,000 liters mol21 cm21 (27). Linoleic acid was obtained
from Sigma (St. Louis, MO). Acrolein (90%) was obtained from Aldrich (Milwau-
kee, WI) and used without further purification. (E)-2-Nonenal (97%) and (2E, 4E)-
2,4-decadienal (85%) were obtained from Aldrich and were purified by chromatog-
raphy on silica gel with diethyl ether-hexane mixtures (5 : 95 and 7 : 93, v/v, respec-
tively). 2-Bromopropenal (28) and 2-bromopropenal diethyl acetal (29) were pre-
pared according to the literature procedures. Distillation of the intermediate 2-
bromopropenal is not recommended. This procedure resulted in unpredictable
detonation. Therefore the intermediate 2-bromopropenal was used without purifi-
cation. Ethyl 2-bromopropenoate was prepared immediately before use by treating
ethyl acrylate (0.1 mol, 10.5 ml, 9.7 g) dissolved in diethyl ether (50 ml) with
bromine (5 ml, 0.1 mol) in a dropwise fashion. The solution was cooled to 08C and
triethylamine (13.5 ml, 0.1 mol) was added gradually. The solution was filtered and
the solvent was removed by rotary evaporation. The product was utilized in the
syntheses without further purification.

(E)-4-Thia-2-heptenal. Small pieces of sodium (0.58 g, 25 mmol) were dissolved
in ethanol (25 ml) with magnetic stirring under a nitrogen atmosphere. 1-Pro-
panethiol (1.9 g, 25 mmol) was added to the solution and the mixture was stirred
for 2 h at 408C. 2-Bromopropenal diethyl acetal (5.23 g, 25 mmol) was added and
the mixture was refluxed for 40 h. The reaction mixture was filtered and the solvent
was removed by rotary evaporation. The residue was treated with 10% aqueous
HCl (60 ml), w/v, and tetrahydrofuran (120 ml). The hydrolysis reaction was allowed
to proceed for 1 h at room temperature. The solvent was removed by rotary
evaporation and the aqueous residue was extracted with diethyl ether (33 20 ml).
The organic extracts were washed with saturated aqueous sodium bicarbonate and
water. The organic layer was dried over anhydrous sodium sulfate and the solvent
was removed by rotary evaporation. The product was purified from the residue by
column chromatography on silica gel using a mixture of ether and hexane (15 : 85,
v/v). The aldehyde was obtained as a colorless oil (1.52 g, 47%). 1H-NMR (CDCl3 ,
400 MHz) d 1.0 (t, 3H, J 5 7.3 Hz, CH3 ), 1.70 (tq, 2H, J 5 7.3 Hz, CH2CH3 ), 2.79
(t, 2H, J 5 7.3 Hz, CH2 ), 6.08 (dd, 1H, J 5 7.7 Hz, 2-H), 7.54 (d, 1H, J 5 15 Hz,
3-H), 9.35 (d, 1H, J 5 7.6 Hz, CHO); 13C-NMR (CDCl3 , 100 MHz) d 13.22, 21.74,
34.14, 125.77, 156.62, 189.73. Anal. Calcd for C6H10OS: C, 55.35; H, 7.74. Found:
C, 55.32; H, 7.72.

(E)-4-thia-2-octenal. The compound (2.0 g, 55%) was prepared using the same
procedure described above using 1-butanethiol. 1H-NMR (CDCl3 , 400 MHz) d 0.95
(t, 3H, J 5 7.6 Hz, CH3 ), 1.47 (tq, 2H, J 5 7.6 Hz, CH2CH3 ), 1.70 (tt, 2H, J 5 7.6
Hz, CH2 ), 2.85 (t, 2H, 7.6 Hz, SCH2 ), 6.14 (dd, 1H, J 5 7.6 Hz, 2-H), 7.59 (d, 1H,
J 5 15 Hz, 3-H), 9.40 (d, 1H, J 5 7.6 Hz, CHO); 13C-NMR (CDCl3 , 100 MHz) d
13.56, 21.95, 30.33, 31.98, 125.83, 156.74, 189.91. Anal. Calcd for C7H12OS: C, 58.25;
H, 8.39. Found: C, 57.89; H, 8.66.
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(E)-4-thia-2-nonenal. The compound was prepared on a 0.1 mol scale (13.4 g,
86%) using the same procedure described above using 1-pentanethiol. 1H-NMR
(CDCl3 , 400 MHz) d 0.92 (t, 3H, J 5 7.0 Hz, CH3 ), 1.40 (b, 4H, J 5 7.0 Hz,
(CH2)2CH3 ), 1.72 (tt, 2H, J 5 7.6 Hz, 6-H), 2.85 (t, 2H, 7.6 Hz, SCH2 ), 6.15 (dd,
1H, J 5 7.5 Hz, 2-H), 7.57 (d, 1H, J 5 15 Hz, 3-H), 9.41 (d, 1H, J 5 7.7 Hz, CHO);
13C-NMR (CDCl3 , 100 MHz) d 13.89, 22.18, 28.03, 30.91, 32.29, 125.85, 156.70,
189.88. Anal. Calcd for C8H14OS: C, 60.72; H, 8.92. Found: C, 60.50; H, 9.20.

(E)-4-thia-2-decenal. The compound (2.7 g, 63%) was prepared using the same
procedure described above using 1-hexanethiol. The ether hexane mixture used for
the chromatographic purification was 1 : 9, v/v. 1H-NMR (CDCl3 , 400 MHz) d 0.90
(t, 3H, J 5 7.0 Hz, CH3 ), 1.31 (b, 4H, J 5 6.8 Hz, (CH2)2CH3 ), 1.43 (tq, 2H, J 5
7.0 Hz, 7-H), 1.70 (tt, 2H, J 5 7.6 Hz, 6-H), 2.85 (t, 2H, 7.6 Hz, SCH2 ), 6.14 (dd,
1H, J 5 7.5 Hz, 2-H), 7.59 (d, 1H, J 5 15 Hz, 3-H), 9.40 (d, 1H, J 5 7.0 Hz, CHO);
13C-NMR (CDCl3 , 100 MHz) d 13.99, 22.48, 28.27, 28.45, 31.24, 32.29, 125.83, 156.75,
189.90. Anal. Calcd for C9H16OS: C, 62.75; H, 9.36. Found: C, 62.43; H, 9.55.

(E)-4-Thia-2-undecenal. The compound (2.98 g, 64%) was prepared using the
same procedure described above using 1-heptanethiol. 1H NMR (CDCl3 , 400 MHz)
d 0.89 (t, 3H, J 5 7.0 Hz, CH3 ), 1.29 (b, 6H, J 5 7.6 Hz, (CH2 )3CH3 ), 1.42 (tq,
2H, J 5 7.6 Hz 7-H), 1.69 (tt, 1H, J 5 7.6 Hz, 6-H), 2.85 (t, 2H, J 5 7.6 Hz, SCH2 ),
6.14 (dd, 1H, J 5 7.6 Hz, 2-H), 7.59 (d, 1H, J 5 15 Hz, 3-H), 9.41 (d, 1H, J 5 7.6
Hz, CHO); 13C NMR (CDCl3 , 100 MHz) d 14.04, 22.56, 28.33, 28.74, 29.01, 31.62,
32.32, 125.85, 156.69, 189.86. Anal. Calcd for C10H18OS: C, 64.47; H, 9.74. Found:
C, 64.58; H, 10.14.

(E)-4-Thia-2-dodecenal. The compound (2.65 g, 53%) was prepared using the
same procedure described above using 1-octanethiol. 1H NMR (CDCl3 , 400 MHz)
d 0.85 (t, 3H, J 5 7.0 Hz, CH3 ), 1.26 (b, 8H, J 5 7.0 Hz, (CH2)4CH3 ), 1.38 (tq, 2H,
J 5 7.6 Hz 7-H), 1.67 (tt, 2H, J 5 7.6 Hz, 6-H), 2.82 (t, 2H, J 5 7.6 Hz, 5-H), 6.15
(dd, 1H, J 5 7.4 Hz, 2-H), 7.55 (d, 1H, J 5 15.1 Hz, 3-H), 9.37 (d, 1H, J 5 7.6 Hz,
CHO); 13C NMR (CDCl3 , 100 MHz) d 14.04, 22.58, 28.30, 28.74, 28.99, 29.05, 31.70,
32.29 125.82, 156.66, 189.81. Anal. Calcd for C11H20OS: C, 65.95; H, 10.06. Found:
C, 66.22; H, 10.56.

(E)-Ethyl 4-Thia-2-nonenoate. Small pieces of sodium (1.15 g, 50 mmol) were
dissolved in ethanol (25 ml) with magnetic stirring under a nitrogen atmosphere.
1-Pentanethiol (6.2 ml, 50 mmol) was added to the solution and the mixture was
stirred for 2 h at 408C. Ethyl 2-bromopropenoate (obtained from 0.1 mol scale
preparation) was added to the solution, and the mixture was refluxed for 16 h. The
reaction mixture was filtered and the ethanol was removed by rotary evaporation.
The residue was treated with water (50 ml) and extracted with diethyl ether (33
30 ml). The solution was dried over anhydrous sodium sulfate, and the solvent was
removed by rotary evaporation. The residue was purified by column chromatogra-
phy on silica with a mixture of ether and hexane, 1 : 9, v/v. An impure product (1.87
g, 18.5%) was obtained. The compound was further purified in small batchs by
HPLC (C18, MeOH : H2O, 70 : 30, v/v). 1H NMR (CDCl3 , 400 MHz) d 0.87 (t, 3H,
J 5 7.2 Hz, 9-H), 1.24 (t, 3H, J 5 7.2 Hz, OCH2CH3 ), 1.33 (b, 4H, J 5 7.0 Hz,
(CH2)2CH3 ), 1.63 (tt, 2H, J 5 7.3 Hz, 6-H), 2.75 (t, 2H, J 5 7.5 Hz, 5-H), 4.14 (q,
2H, J 5 7.11 Hz, OCH2CH3), 5.69 (d, 1H, J 5 15.1 Hz, 2-H), 7.65 (d, 1H, J 5 15
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Hz, 3-H); 13C NMR (CDCl3 , 100 MHz) d 13.84, 14.24, 22.13, 28.23, 30.87, 31.88,
60.10, 113.69, 146.83, 165.33. Anal. Calcd for C10H18O2S: C, 59.37; H, 8.97. Found:
C, 59.99; H, 9.39.

(E)-Ethyl 4-Thia-2-decenoate. The same procedure was followed as for the previ-
ous compound. Again, an impure product was obtained (1.48 g, 13.7%) that was
further purified by HPLC (C18, MeOH : H2O, 75 : 25, v/v). 1H NMR (CDCl3 , 400
MHz) d 0.90 (t, 3H, J 5 7.0 Hz, 10-H), 1.31 (b, 7H, J 5 7.2 Hz, 9-H, 8-H, CH3 ),
1.41 (tt, 2H, J 5 7.4 Hz, 7-H), 1.68 (tt, 2H, J 5 7.3 Hz, 6-H), 2.75 (t, 2H, J 5 7.4
Hz, 5-H), 4.18 (q, 2H, J 5 7.11 Hz, OCH2CH3 ), 5.74 (d, 1H, J 5 15.1 Hz, 2-H),
7.69 (d, 1H, J 5 15.1 Hz, 3-H); 13C NMR (CDCl3 , 100 MHz) d 14.00, 14.35, 22.5,
28.47, 28.54, 31.27, 31.97, 60.18, 113.63, 146.93, 165.43.

(E)-4-Thia-2-nonenoic acid. Sodium hydroxide (1.5 g) was dissolved in 10 ml of
boiling methanol. The solution was cooled to room temperature and water (2 drops)
was added followed by (E)-ethyl 4-thia-2-noneoate (0.65 g, 3.22 mmol). The reaction
was completed in 1 min. The methanol was removed by rotary evaporation. Water
(30 ml) was added to the residue, followed by extraction with diethyl ether (33 20
ml). The ether layers were discarded. The aqueous solution was acidified to pH 2
(HCl) and extracted with diethyl ether (33 20 ml). The extracts were dried over
sodium sulfate and the solvent was removed by rotary evaporation. An impure
product (0.55 g, 85%) was obtained. The compound was purified further by HPLC
(C18, methanol : water : acetic acid, 54 : 46 : 0.5, v/v/v). 1H NMR (CDCl3 , 400 MHz)
d 0.89 (t, 3H, J 5 7.0 Hz, 9-H), 1.36 (b, 4H, J 5 6.9 Hz, (CH2)2CH3 ), 1.67 (tt, 2H,
J 5 7.3 Hz, 6-H), 2.79 (t, 2H, J 5 7.5 Hz, 5-H), 5.72 (d, 1H, J 5 15.1 Hz, 2-H),
7.50 (d, 1H, J 5 15.2 Hz, 3-H); 13C NMR (CDCl3 , 100 MHz) d 13.87, 22.16, 28.17,
30.89, 32.01, 112.57, 150.32, 170.58. Anal. Calcd for C8H14O2S: C, 55.15; H, 8.10.
Found: C, 55.28; H, 8.43.

(E)-4-Thia-2-decenoic acid. The procedure was the same as for the preparation
of the previous compound except that the starting material was (E)-ethyl 4-thia-2-
decenoate. An impure product (0.45 g, 82%) was obtained. The compound was
further purified by HPLC (C18, methanol : water : acetic acid, 70 : 30 : 0.5, v/v/v). 1H
NMR (C6D6 , 400 MHz) 0.82 (t, 3H, J 57.4 Hz, 10-H), 1.00 (b, 4H, J 5 6.6 Hz,
(CH2)2CH3 ), 1.13 (tt, 2H, J 5 7.2 Hz, 7-H), 1.20 (tt, 2H, J 5 7.2 Hz, 6-H), 2.13 (t,
2H, J 5 6.7 Hz, 5-H), 5.75 (d, 1H, J 5 15.1 Hz, 2-H), 7.85 (d, 1H, J 5 15.1 Hz, 3-
H); 13C NMR (C6D6 , 100 MHz) 14.13, 22.73, 28.42, 28.50, 31.40, 31.78, 113.35,
150.27, 171.47. Anal. Calcd for C9H16O2S: C, 57.42; H, 8.57. Found: C, 57.85; H, 8.98.

(E)-4-Thia-2-nonen-1-ol. The sodium borohydride reduction of the (E)-4-thia-
2-nonenal was carried out following a literature procedure (30). The aldehyde (98%,
0.5 g, 3.2 mmol) was dissolved in a mixture of ethanol (4 ml) and water (2 ml).
Sodium borohydride (60 mg, 1.6 mmol) dissolved in a mixture of ethanol (4 ml)
and water (4 ml) was added to the solution of the aldehyde at 08C. The reaction
mixture was stirred for 2 h at room temperature. The solution was saturated with
sodium chloride, extracted with diethyl ether (33 30 ml), and the extracts were dried
over anhydrous sodium sulfate. The solvent was removed by rotary evaporation, and
the residue was purified by chromatography on silica gel (ether : hexane, 30 : 70,
v/v). The yield was 0.41 g (82%). 1H NMR (CDCl3 , 400 MHz) d 0.87 (t, 3H, J 5
7.0 Hz, CH3 ), 1.33 (b, 4H, J 5 7.1 Hz, (CH2)2CH3 ), 1.61 (tt, 2H, J 5 7.0 Hz, 6-H),
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2.66 (t, 2H, J 5 7.4 Hz, 5-H), 4.10 (dd, 2H, J 5 5.0 Hz, CH2OH), 5.67 (dt, 1H, J 5
6.5 Hz, 2-H), 6.24 (d, 1H, J 5 15.1 Hz, 3-H); 13C NMR (CDCl3 , 100 MHz) d 13.91,
22.20, 28.87, 30.94, 32.12, 63.69, 125.51, 127.62.

(E)-4-Thia-2-decen-1-ol. The procedure was the same as for the previous com-
pound except that the starting material was (E)-4-thia-2-decenal. The yield was
0.34 g (87.8%). 1H NMR (C6D6 , 400 MHz) d 0.83 (t, 3H, J 5 7.3 Hz, CH3 ), 1.18
(b, 6H, J 5 7.0 Hz, (CH2)3CH3 ), 1.47 (tt, 2H, J 5 7.6 Hz, 6-H), 2.43 (t, 2H, J 5
7.4 Hz, 5-H), 2.73 (s, 1H, CH2OH), 3.93 (d, 2H, J 5 5.5 Hz, CH2OH), 5.61 (dt, 1H,
J 5 6.5 Hz, 2-H), 6.16 (d, 1H, J 5 15.1 Hz, 3-H); 13C NMR (C6D6 , 100 MHz) d
14.2, 22.87, 28.77, 29.51, 31.65, 32.28, 63.39, 126.38, 126.95.

(E)-4-Sulfoxyl-2-decenal. (E)-4-Thia-2-decenal (0.178 g, 1.04 mmol) was dis-
solved in methylene chloride (20 ml) and the solution was cooled in a dry ice-
acetone bath. m-Chloroperbenzoic acid (0.197 g, 1.1 mmol) was added to the
solution under a nitrogen atmosphere. The reaction mixture was allowed to warm
to room temperature and was stirred for 2 h. Sodium bicarbonate (0.23 g, 2.5 mmol)
in water (30 ml) was added to the mixture. The aqueous layer was extracted with
dichloromethane (23 20 ml), and the combined organic layers were dried over
anhydrous sodium sulfate. The solvent was removed by rotary evaporation and the
residue was purified by chromatography on silica gel (acetone : dichlorometh-
ane : hexane, 5:45 : 50, v/v). The yield was 50 mg (28%). 1H NMR (CDCl3 , 400 MHz)
d 0.90 (t, 3H, J 5 6.5 Hz, CH3 ), 1.33 (b, 4H, J 5 3.4 Hz, (CH2)2CH3 ), 1.46 (b, 2H,
J 5 6.2 Hz 7-H), 1.74–1.84 (dm, 2H, J 5 7.0 Hz, 6-H), 2.81–2.94 (dm, 2H, J 5 7.0
Hz, 5-H), 6.90 (dq, 1H, J 5 7.5 Hz, 2-H), 7.58 (d, 1H, J 5 15 Hz, 3-H), 9.80 (d,
1H, J 5 7.0 Hz, CHO); 13C NMR (CDCl3 , 100 MHz) d 13.94, 21.98, 22.36, 28.32,
31.27, 52.90, 134.09, 155.97, 188.58. Anal. Calcd for C9H16O2S: C, 57.42; H, 8.57.
Found: C, 57.26; H, 8.93.

(E)-4-Sulfoxyl-2-nonenal. The procedure was the same as for the previous com-
pound except that the starting material was (E)-4-thia-2-nonenal. The yield was
0.42 g (86%). 1H NMR (CDCl3 , 400 MHz) d 0.89 (t, 3H, J 5 7.2 Hz, CH3 ), 1.33–1.46
(b, 4H, J 5 3.4 Hz, (CH2)2CH3 ), 1.71–1.82 (dm, 2H, J 5 7.0 Hz, 6-H), 2.77–2.88
(dm, 2H, J 5 7.0 Hz, 5-H), 6.87 (dd, 1H, J 5 7.0 Hz, 2-H), 7.52 (d, 1H, J 5 15.2
Hz, 3-H), 9.77 (d, 1H, J 5 7.0 Hz, CHO); 13C NMR (CDCl3 , 100 MHz) d 13.75,
21.68, 22.19, 30.72, 52.86, 134.07, 155.76, 188.47. Anal. Calcd for C8H14O2S: C, 55.15;
H, 8.10. Found: C, 55.28; H, 8.43.

4-Thiadecanal. Sodium hydroxide (0.42 g, 10.5 mmol) was dissolved in boiling
ethanol (30 ml). 1-Hexanethiol (1.24 g, 10.5 mmol) was added to the solution at
508C. The reaction mixture was stirred for 1 h. The solution was cooled to room
temperature and 3-chloropropanal diethyl acetal (1.68 ml, 10 mmol) was added.
The reaction mixture was refluxed for 2.5 h then filtered. The solvent was removed
by rotary evaporation, and the residue was treated with tetrahydrofuran (40 ml)
and 10% aqueous HCl (w/v, 25 ml). The mixture was stirred for 1.5 h and water
(25 ml) was added. The tetrahydrofuran was removed by rotary evaporation, and
the aqueous residue was extracted with diethyl ether (33 30 ml). The combined
ether layers were washed with 5% aqueous NaHCO3 (30 ml) and water (33 30 ml)
and were dried over anhydrous sodium sulfate. The solvent was removed by rotary
evaporation, and the residue was purified by chromatography on silica gel
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SCHEME 2

(ether : hexane, 1 : 9). The yield was 1.55 g (90%). 1H NMR (CDCl3 , 400 MHz) d
0.89 (t, 3H, J 5 6.8 Hz, CH3 ), 1.31 (b, 4H, J 5 7.0 Hz, (CH2)2CH3 ), 1.38 (dt, 2H,
J 5 7.0 Hz 7-H), 1.58 (dt, 2H, J 5 7.7 Hz, 6-H), 2.53 (t, 2H, J 5 7.3 Hz, 5-H), 2.72
(t, 2H, J 5 7.0 Hz, 3-H), 2.80 (dt, 2H, J 5 6.5 Hz, 2-H), 9.78 (s, 1H, CHO); 13C
NMR (CDCl3 , 100 MHz) d 14.04, 22.55, 24.36, 28.54, 29.46, 31.42, 32.32, 43.72,
200.67. Anal. Calcd for C9H18OS: C, 62.02; H, 10.41. Found: C, 61.70; H, 10.83.

4-Thianonenal. The procedure was the same as for the previous compound except
that the 1-pentanethiol was employed. The yield was 1.37 g (66%). 1H NMR (CDCl3 ,
400 MHz) d 0.88 (t, 3H, J 5 6.8 Hz, CH3 ), 1.33 (b, 4H, J 5 7.1 Hz, (CH2)2CH3 ),
1.58 (dt, 2H, J 5 7.7 Hz, 6-H), 2.53 (t, 2H, J 5 7.6 Hz, 5-H), 2.75 (b, 4H, J 5 7.0
Hz, 2-H, 3-H), 9.79 (s, 1H, CHO); 13C NMR (CDCl3 , 100 MHz) d 13.95, 22.26,
24.32, 29.14, 31.00, 32.25, 43.68, 200.68. Anal. Calcd for C8H16OS: C, 59.96; H, 10.06.
Found: C, 59.44; H, 10.33.

Methods

NMR spectra were acquired on a Varian XL400 spectrometer. Samples (0.6 ml)
of the enzyme for NMR spectroscopy were prepared by diafiltration from 0.1 M

Tris–HCl, pH 7.0, to 0.1 M sodium borate in D2O using a 50,000 NMWCO centrifugal
microconcentrator (Amicon). The inhibitors were introduced as aliquots (6.7 el)
of a CD3OD solution. Enzyme assays were performed with linoleic acid as the
substrate in 0.1 M sodium borate, pH 9.0, at 25.08C in a final volume of 3.00 ml.
Inhibitors were added as solutions in ethanol (10 el). The enzyme was added (20
el, final concentration: 1.5 nM) after temperature equilibration to initiate the reac-
tion. The reaction progress was followed by measuring the formation of product
at 234 nm (25,000 l mol21 cm21).

RESULTS AND DISCUSSION

The series of aldehydes (n 5 2–7) was prepared according to Scheme 2. (nota
bene: Distillation of the intermediate, 2-bromopropenal, is not recommended. Every
attempt at the purification of this compound by distillation resulted in detonation.)
The effect of these compounds on lipoxygenase-1 catalysis was examined in a steady
state rate kinetic study. Representative data displayed in Lineweaver–Burk fashion
are presented for the compounds n 5 4 through n 5 6 in Figs. 1A–C. The slope
replots for the Lineweaver–Burk data are given in Fig. 1D. The observed linear
relationships between the slopes and the inhibitor concentration shows that the
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compounds interact with the enzyme at a single site. The data provide no evidence
of partial competitive inhibition in that the rate shows no tendency to plateau at
a significant fraction of Vmax as the inhibitor concentration is raised. The structures
of the compounds and the observed inhibition constants are collected in Fig. 2.
There was a clear trend in the inhibitory capacity of the compounds with respect
to the length of the aliphatic substituent. The Ki values decreased along the series
n 5 2 through n 5 6 reaching a minimum of 32 eM at n 5 6. When the chain was
extended further, a less effective inhibitor was obtained for n 5 7. Therefore, there
was an optimal ‘‘fit’’ of the hydrophobic component of the inhibitors in the binding
site on the enzyme. In the only other example of a series of compounds acting as
competitive inhibitors, the n-alcohols, longer hydrocarbon substituents (C8 through
C12) were required for the largest effect, and there was not a distinct optimal effect
among the compounds with the longest aliphatic groups (23).

The structural features required for the inhibitory effect were investigated further
by evaluating the effects of compounds closely related to the aldehydes. Acrolein,
a compound lacking both the sulfur atom and the hydrophobic alkyl substituent,
was not an inhibitor, but had a slight activating effect on lipoxygenase-1. The
alcohols, carboxylic acids, and ethyl esters analogous to the inhibitory aldehydes
were all much less effective inhibitors than the aldehydes with the same alkyl
substituents (Fig. 2). The importance of unsaturation at the 2-position to the inhibi-
tory effect was probed by preparing saturated analogs (Fig. 3). The Ki values for the
compounds were about one order of magnitude greater than for the corresponding
unsaturated inhibitors. The sulfoxides were not inhibitors, but produced a small
activating effect in enzyme rate assays. Removing the sulfur from the compounds
altogether led to less effective inhibition. Interestingly the insertion of a second
position of unsaturation as in (2E, 4E)-2,4-decadienal compensated for the absence
of sulfur. Therefore, it appears that an electron-rich region in the molecule which
can be supplied either by a sulfur atom or by an olefin is another favorable structural
feature for this family of inhibitory substances.

The 1H-NMR spectroscopy of the inhibitors in the presence and absence of the
enzyme was investigated in order to provide a physical characterization of the
complexes. The proton NMR spectra for (E)-4-thia-2-nonenal in the absence and
presence of different concentrations of lipoxygenase-1 are presented in Fig. 4 as
an example. It is immediately apparent from 1H-NMR spectra that the aldehydes
are relatively electron rich. There was no evidence for the formation of hydrates
by these carbonyl compounds in aqueous solution (Fig. 4, trace D). The resonances
for the protons in the 5–9 ppm range were sufficiently well resolved from the
protein envelope to be analyzed. Inhibitor–enzyme incubation was accompanied
by a distinct line broadening effect on the signals in this region even at a far from
stoichiometric ratio of enzyme to inhibitor. For example, in Fig. 4, trace B, the
signals are very broad even though the ratio of enzyme to inhibitor is only 0.06,
and at a ratio of 0.24 (Fig. 4, trace A) the signals are indistinguishable. A new
signal for these protons due to the formation of an enzyme inhibitor complex could
not be identified. These observations are attributable to a fast exchange interaction
between free and enzyme-bound inhibitor (31). The signals for the free inhibitor
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FIG. 1. Representative kinetic data for inhibitor compounds presented as Lineweaver–Burk plots:
(A) (E)-4-thia-2-nonenal; (B) (E)-4-thia-2-decenal; (C) (E)-4-thia-2-undecenal. Substrate, linoleic acid;
0.1 M sodium borate, pH 9.0; 25.08C, [E]0 , 1.5 nM. (D) Slope replot of the Lineweaver–Burk data.

retain the relaxation properties of the bound form if exchange takes place rapidly
on the NMR time scale.

The line broadening effect in the 1H-NMR spectra of the complexes was greatest
for the compounds with the longest alkyl substituents, which correlates with the
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FIG. 1—Continued

inhibitory effect. In Fig. 5, the resonance for the aldehyde proton in the absence
(left) and presence (right) of enzyme for each of the inhibitors is presented. The
signals for the aldehyde proton in acrolein (Fig. 5, traces A), which is not an
inhibitor, in the absence and presence of the enzyme show that the change in solvent
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FIG. 2. Structural formulas for tested compounds and the associated experimental Ki values for
lipoxygenase inhibition.

viscosity due to the presence of the enzyme causes a small degree of line broadening
compared to the effect of the enzyme on the inhibitors. The solubility of the
inhibitors in aqueous solution decreases in the series as the alkyl substituent gets
longer. The spectrum for the aldehyde with n 5 6 contains two resonances for the
UCHO proton, one from the dissolved and one from an aggregated state of the
inhibitor. The resonance for the monomolecular solution form of the compound is
indistinguishably broadened in the complex with the enzyme ([E ]/[I ] 5 0.06), but
the signal from the aggregated form is present and partially resolved. The free (and
dissolved) form of the aldehyde is therefore in rapid exchange with respect to the
NMR time frame with the complex and slow exchange with the aggregated form.
This provides evidence that the free form of the inhibitor is present in samples
containing the enzyme, but that the aldehyde proton resonance has experienced
line broadening. There are two possible effects that might account for the observed
line broadening of the free aldehyde signal at a high inhibitor to enzyme ratio. A
rigidly held small molecule in a complex will take on the relaxation properties of

FIG. 3. Additional structural formulas for tested compounds and the associated experimental Ki values
for lipoxygenase inhibition.
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FIG. 4. 1H NMR spectra for L1 lipoxygenase and (E)-4-thia-2-nonenal. Each sample contained 1 mM

(E)-4-thia-2-nonenal. The samples contained L1 as follows: (A) 240 eM; (B) 60 eM; (C) 6 eM; (D) none.
258C, 0.1 M sodium borate in D2O.

the larger molecule. In the case of lipoxygenase, a 94,000 dalton protein, the reso-
nances are by nature broad. There is also a possibility of paramagnetic shifting and
broadening in the spectrum if the protons are bound close to the iron atom (32).
Paramagnetically shifted resonances in the 10–60 ppm range could not be detected
in the spectra of the enzyme or the complex. It is not readily possible to test the
hypothesis of paramagnetic perturbation of the spectrum at present because there
is not a convenient way to make the enzyme diamagnetic. This is the necessary
condition for discriminating between an effect of inhibitor binding to a large mole-
cule (33), and an effect derived from the protons being in close proximity to a
paramagnetic center.

The proposed mechanisms for lipoxygenase catalysis all invoke assistance for
hydrogen abstraction from the substrate by a basic active site amino acid residue
(34). This residue has not been identified. We examined the possibility that the
inhibitory aldehydes might form a covalent adduct with the enzyme by Schiff base
formation with a basic/nucleophilic group in the active site. The half-product analog
aldehydes were apparently not electron deficient enough to form covalent adducts
with the enzyme. Incubation of the enzyme (3 eM) was carried out at pH 9.0 and
258C for up to 6 h with the sulfur containing aldehydes, n 5 2 through n 5 7 (300
eM). Aliquots of the enzyme incubated for 3 h were also treated for a further 3 h
at pH 9.0 and 258C with sodium borohydride (1.5 mM). The samples were dialyzed
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FIG. 5. The effect of lipoxygenase L1 on the 1H NMR spectra of the inhibitory aldehydes. Left panel,
CHO resonance for 1 mM solution of the aldehydes alone in 0.1 M sodium borate in D2O. Right panel,
CHO resonance for 1 mM solution of the aldehydes in the presence of 60 eM L1. (A) acrolein;
(B) (E)-4-thia-2-heptenal; (C) (E)-4-thia-2-octenal; (D) (E)-4-thia-2-nonenal; (E) (E)-4-thia-2-decenal;
and (F) (E)-4-thia-2-undecenal.

extensively and analyzed for residual catalytic activity. The incubations led to a
permanent reduction in catalytic activity of at most 30% compared to a sample of
the enzyme carried through the procedure but not treated with an aldehyde. This
degree of inactivation was obtained when the enzyme was treated with acrolein
using the same protocol as a control. Therefore we could not find any evidence for
selective and irreversible inactivation of the enzyme by the aldehydes through Schiff
base formation and sodium borohydride reduction. The data do not, however,
exclude the possibility that carbonyl addition chemistry takes place at the active
site. It is possible that the long narrow channel conceptualized for substrate approach
to the cofactor iron site could not simultaneously accommodate the aldehyde and
the reducing agent.

The results reported here help to define the criteria for an active site interaction
for small molecules with lipoxygenase-1. As for substrates, the specific fit of an g-
terminal aliphatic substituent was a key element. An electron-rich region exempli-
fied by the sulfur bearing a,b-unsaturated aldehydes was also found to be beneficial.
These findings will provide guidance for future studies aimed at the synthesis of
more effective inhibitors. The compounds will also be useful in the identification of
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the active site in structural studies. Cocrystallization of the enzyme with competitive
inhibitors and subsequent X-ray diffraction analysis will allow for a definitive assign-
ment of the substrate binding channel in the three-dimensional structure.
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