
Btochemd Pharmacology. Vol. 41. No. 9. pp. 13651373, 1991 
Printed in Great Britam. 

on0f+2Y52/Y1 $3.ou + 0.00 
@ 1991. Pergamon Press plc 

INHIBITION OF HUMAN LEUKOCYTE 5LIPOXYGENASE 
BY A 4-HYDROXYBENZOFURAN, L-656,224 

EVIDENCE FOR ENZYME REDUCTION AND INHIBITOR 
DEGRADATION 

CAROL A. ROUZER.*~ DENIS RIENDEAU,$§ JEAN-PIERRE FALGUEYRET,$ 
CHEUK K. LAU/( and MICHAEL J. GRESSER$ 

Departments of * Pharmacology, $ Biochemistry and )( Medicinal Chemistry, Merck Frosst Centre 
for Therapeutic Research, Quebec, Canada, H9R 4P8 

(Received 28 Augusr 1990; accepted 28 November 1990) 

Abstract-Detailed studies of the interaction of L-656.224 (2-[(4’-methoxyphenyI)methyl]-3-methyl-4. 
hydroxy-Spropyl-7-chlorobenzofuran) with 5-lipoxygenase were conducted using the enzymes from 
human and pig leukocytes. L-656,224 was a potent inhibitor of these S-lipoxygenases although its 
efficiency varied with enzyme concentration. L-656,224 also stimulated the pseudoperoxidase activity 
of 5-lipoxygenase as measured by the consumption of 13-hydroperoxy-9,11-octadecadienoic acid (13. 
HPOD). indicating that this compound can reduce the enzyme. Furthermore the inhibitor was degraded 
rapidly by both cell-free leukocyte extracts and purified 5-lipoxygenase after incubation with 13-HPOD, 
ATP and calcium ions. The degradation of L-656,224 was also observed during inhibition of the 
lipoxygenase reaction and occurred mainly after the initial lag phase of the reaction when hydroperoxides 
begin to accumulate. A single major radioactive product was formed after incubation of [JH]L-656,224 
with purified 5-lipoxygenase in the presence of 13-HPOD. This product was unstable and could not be 
isolated. During the course of the pseudoperoxidase reaction, (‘H]L-656.224 covalently labelled the 
enzyme, suggesting that a chemically reactive species had been formed. These data are consistent with 
the hypothesis that L-656.224 reduces the oxidized form of the 5-lipoxygenase to an inactive form. with 
degradation of the inhibitor and regeneration of the active enzyme with hydroperoxides. 

The S-lipoxygenase catalyses the first two steps in 
leukotriene biosynthesis, including the oxidation 
of arachidonic acid to 5-hydroperoxy-6,8.11,14- 
eicosatetraenoic acid (S-HPETEI), and the further 
conversion of SHPETE to 5,6-oxido-7,9,11,14- 
eicosatetraenoic acid (LTA.,) [l-4]. Because leuko- 
trienes have been implicated in the pathophysiology 
of allergic and inflammatory diseases, the de- 
velopment of clinically useful Slipoxygenase inhibi- 
tors could be of value in the therapy of such diseases 
[5,6]. However, the development of specific. non- 
toxic, and potent inhibitors in vivo has proven to be 
a difficult task. 
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methvl] - 3 -methyl - 4 - hvdroxy - 5 - propyl- 7 chlorobenzo- 
furan: L-653.325. . j-(4’-,ethbxyphenyl)methyl- 
3-methyl-4-propyl-S-hydroxybenzofuran: 5.8.14-ETE.5.8. 

I+eicosatrienoic acid; 13-HPOD. 13-hydro-peroxy-9. 
1 I-octadecadienoic acid: LTAJ, 5.6-oxido-7.9.11.14 
eicosatetraenoic acid; 5-HETE. S-hvdroxv-6,8,11,14- 
eicosatetraenoic acid; 5-HPETRE, 5-hyd-roperbxy -6.X,14- 
eicosatrienoic acid: 5-HETRE. 5-hydroxy-6.8.14-eico- 
satrienoic acid; 6(&90R ppt. protein precipitated from 
human leukocyte superniiants- at 6&<0% saturation of 
ammonium sulfate: and 15-HPEDE, 15.hydroperoxy- 
11.13-eicosadienoic acid. 

As noted by Thody et al. [7], many known 
inhibitors of 5-lipoxygenase and other lipoxygenases 
possess antioxidant properties, and often the potency 
of the compounds as antioxidants correlates with 
their potency as lipoxygenase inhibitors. Although 
many possible mechanisms might explain the 
inhibitory effect of antioxidants on the lipoxygenase 
reaction, recent studies on the soybean lipoxygenase 
have shown that at least some of these inhibitors act 
by reducing the active ferric form of the enzyme to 
the inactive ferrous state [8.9]. In this model, the 
reduced enzyme is converted back to the oxidized 
form by product hydroperoxy fatty acid through a 
pseudoperoxidase activity of the enzyme (Fig. 1). 
Thus, in the presence of both inhibitor and 
hydroperoxy fatty acid, a cycle ensues in which the 
enzyme is converted from the reduced to the 
oxidized form and back with consumption of the 
hydroperoxide and possibly also the inhibitor. 

It is not known for certain whether the mammalian 
S-lipoxygenase posesses iron at its active site. 
However, the kinetic behaviour of the enzyme, 
including the effects of reducing agents and 
hydroperoxides [ 10. 111. suggests that the 5- 
lipoxygenase is very similar to the iron-containing 
lipoxygenases. In addition, recent evidence has 
shown that the Slipoxygenase of porcine leukocytes 
possesses a pseudoperoxidase activity that is 
stimulated in the presence of a number of enzyme 
inhibitors [12]. Thus it appears that, at least for 
some inhibitors, the mechanism shown in Fig. 1 may 
apply to the mammalian 5-lipoxygenase. In the 
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Fig. I. Simplified scheme for the mechanism of lipoxygenase 
inhibition by reductive inactivation [8,9]. The reduced, 
inactive form of the enzyme (E,) is oxidized by fatty acyl 
hydroperoxide (LOOH) through a peroxidase reaction to 
form the oxidized active enzyme (E,,). E, can then react 
with fatty acid substrate (L-H) and oxygen to form product 
hydroperoxide (inner cycle). Alternatively. reduction of 
E, by inhibitor (0 leads to the formation of E, (outer 
cycle). In the presence of LOOH, the enzyme cycles from 
E, to E, and back with the destruction of LOOH and 

inhibitor. 

present study, we have investigated in detail the 
benzofuranol inhibitor L-656,224 [13], and its 
interaction with human leukocyte 5Jipoxygenase. 
We show that L-656,224 was metabolized rapidly by 
the enzyme in the presence of Ca”+, ATP, and fatty 
acyl hydroperoxide and that it also stimulated the 
pseudoperoxidase activity of the S-lipoxygenase. It 
was also found that 5-lipoxygenase can be covalently 
modified by a transformation product of the inhibitor, 
a process that may contribute to enzyme inactivation. 

MATERIALS AND ~~ETHODS 

Human 5-lipoxygenase preparations. Human leu- 
kocyte concentrates (buffy coat) were obtained from 
local blood collection centers. The isolation of 
leukocytes and the preparation of leukocyte 
homogenates have been described previously [14]. 
Homogenates were prepared by sonication from 
cells suspended at a concentration of 200 X 106/mL 
in SOmM potassium phosphate buffer, pH 7.1, 
containing 0.1 M NaCl. 2 mM EDTA, 1 mM 
dithiothreitol, 60 pg/mL soybean trypsin inhibitor, 
and 0.5 mM phenylmethylsulfonyl fluoride. Samples 
were then subjected to centrifugation at lO,~Og for 
15 min. followed by 100,OOOg for 1 hr. The resulting 
100,000 g supernatants (approximately 6 mg protein/ 
mL) were combined with an equal volume of 
glycerol. and stored at -70” until used. These 
preparations were stable for several months. 

5-Lipoxygenase was purified as reported previously 
from 10,OUOg supernatants of human leukocyte 
homogenates [14]. The purified enzyme in the final 
chromatography buffer was combined with glycerol 
to a final concentration of 50% (v/v), and stored at 
-70”. This preparation lost up to 50% of its activity 
as a result of freezing and thawing, but was otherwise 
stable over several months of storage. 

measurement of 5-l~pox~ge~~e activity. In some 
cases, enzyme samples were incubated for 10 min at 
37” in 1 mL of a solution containing 0.1 M Tris-HCl. 
pH 7.5, 1.8mM dithiothreitol, 1.6mM EDTA, 

3 mM CaC12, 2 mM ATP. 100 PM arachidonic acid 
and 2 PM 15-hydroperoxy-ll , 13-eicosadienoic acid 
(15-HPEDE). The samples were then placed on 
ice and combined with 1 mL of 1 PM 13-hy- 
droxyoctadecadienoic acid in ethanol as internal 
standard. Following chloroform extraction. the 
samples were analyzed by HPLC for the quantitation 
of 5-HPETE and its reduction product S-hydroxy- 
6,8,11,14-eicosatetraenoic acid (5HETE). These 
are the major products of S-lipoxygenase under these 
conditions and coelute with a retention time of 
14 min after chromatography on Nova-Pak C,, 
columns (Waters) in methanol/water/trifluoroacetic 
acid/triethylamine (75 : 2.5 : 0.2 : 0.1) at 1.2 mL/min. 
One unit of 5-lipoxygenase activity is the amount of 
enzyme that produces 1 nmol of 5-HPETE + S- 
HETE in this standard assay [13, 151. In some cases, 
5,8,14-eicosatrienoic acid (5,8,16ETE) was used as 
the substrate. Under these circumstances, the assay 
was performed identically, but the products were 
5-hydroperoxy-6.8,14-eicosatrienoic acid (S- 
HPETRE) or its reduction product 5-hydroxy- 
6,8,14-eicosatrienoic acid (5HETRE) [ 16. 171. 
which coeluted at 20 min on HPLC. 

Alternatively, Uipoxygenase activity Was 

measuredspectrophotometrically. Reactionmixtures 
contained the enzyme sample in a total volume of 
7OOpL of 50yM potassium phosphate buffer. pH 
7.5, containing 0.5 mM CaCl,. and 0.1 mM ATP. 
Inhibitors were added as stock solutions in ethanol, 
and the samples were incubated for 5 min at 25”. 
Reactions were initiated by the addition of 3.5 ,uL 
of an ethanolic solution of 4mM 5.8,lCETE plus 
0.2 mM 13-HPOD. The ethanol concentration was 
maintained constant in all samples and did not 
exceed 1%. The reaction was monitored by the 
increase in absorbance at 235 nm during a 3%min 
incubation period. Under these conditions. the 
enzyme undergoes inactivation by a first order 
process. Therefore, the data were analysed by 
nonlinear regression analysis using the formula 

where v is the amount of product formed at time t, 
y,, is the amount of product present at time t,, (fixed 
at 0). ol, is the initial velocity of the reaction. kllhi is 
the first order rate constant for enzyme inactivation, 
and vf is the velocity of the reaction at infinite time 
(fixed at 0) [18]. It should be noted that 5.8.14-ETE 
was utilized as a substrate in these experiments 
because it is a very poor substrate for 12- and 1% 
lipoxygenase that contaminate 5-lipoxygenase in 
human leukocyte 100,000 g supernatants. Further- 
more, 5-HPETRE is the single major S-lipoxygenase 
product formed from this substrate and the reaction 
kinetics are not complicated by the LTAj synthase 
activity of the enzyme 116. 17). 

Note that, when samples of purified 5-lipoxygenase 
were assayed. in some instances. phosphatidylcholine 
and a f&90% saturation ammonium sulfate 
precipitate (6&90%~ ppt) protein fraction from 
leukocytes were also included as stimulatory 
factors in the reaction mixtures [4. 14, 191. 
Phosphatidylcholine was added as a stock solution 
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Fig. 2. Structures of L-656,224 and L-65.5,325. 

(2mg/mL) in ethanol to give a final concentration 
of 2pg/mL. The 6O-90% ppt was prepared by 
ammonium sulfate fractionation of human leukocyte 
lO.OOOg supernatants followed by dialysis as 
described 1141. Approximately 0.4 mg protein from 
this fraction was added per mL of assay reaction 
mixture. 

Pseudoperoxid~e assays with recombinant human 
5-lipoxygen~e and porcine ~-lipoxygen~e. Esch- 
erichia cofi expressing the cDNA for human 5- 
lipoxygenase [ZO] was obtained from T. Nguyen, 
Department of Molecular Biology, Merck Frosst 
Centre for Therapeutic Research. Pelletted bacteria 
were resuspended in homogeneization buffer [ 141 
and lysed by sonication at 4”. The lysate was 
centrifuged at 100,000 g for 1 hr and the supernatant 
fraction was used as the source of enzyme. 
Immunoaffinitypurified 5-lipoxygenase was prepared 
from porcine leukocytes as previously described [2]. 

FOT the pseudoperoxidase reactions, aliquots from 
these enzyme preparations were incubated at room 
temperature in reaction mixtures containing 10 FM 
L-656,224 and 10 PM 13-I-IPOD. as described [12]. 
The variations in the levels of 13-HPOD and inhibitor 
were followed by reverse-phase HPLC on a Nova- 
Pak Cl8 column using acetonitrile/water/acetic acid 
(65:35:0.01) as solvent system and a flow rate of 
2 mL/min. The retention times of 13-HPOD and L- 
656,224 in this system were 2 and 3.7 min. 
respectively. The concentrations of these products 
were calculated by comparison of the absorbance 
area peak at 235 nm with known amounts of 
standards. 

Degradation of L-656,224 by human Wipoxy- 
genase. L-656,224 was synthesized as previously 
described by Lau er al. [Zl] (structure shown in Fig. 
2). The compound was added as a stock solution 
(0.1 to 1 mM) in ethanol to incubation mixtures 
having the same composition as used for the 
spectrophotometric assay of human 5-lipoxygenase. 
The solutions were brought to 25” and the 
reactions were initiated by the addition of ethanolic 
stock solutions of 5,8,14-ETE and/or 13-HPOD to 
give the appropriate final concentration. At the 
desired times, the reactions were stopped by 
combining 2 mL of the reaction mixture with 1 mL 

of ice-cold L-655,325 (0.5 PM in ethanol) to serve 
as an internal standard. The samples were extracted 
twice with 2 mL of diethyl ether. The ether extracts 
were combined and evaporated to dryness under a 
stream of nitrogen. The residues were dissolved in 
100 bL of methanol, and 5OpL was subjected to 
reverse-phase HPLC on a column (3.9 mm X 15 cm) 
of Nova Pak Cl8 (Millipore) eluted isocratically at 
1 mL/min with methanol/water (75 : 25). The effluent 
was monitored by absorbance at 254 nm. L-656,224 
(retention time of 11 min) was quantitated from 
the area of the corresponding peak, relative to the 
area of the peak corresponding to L-655,325 (reten- 
tion time of 6 min). In many experiments, 
5-HPETRE + S-HETRE formation was aiso 
measured. Samples (1 mL) of the reaction mixtures 
were combined with 1 mL of 1 PM 13-hy- 
droxyoctadecadienoic acid. extracted with chloro- 
form, and analysed for product content by HPLC as 
described above. 

Characterization of the reaction products of L- 
656,224. [Benzyl-3H]L-656,224 was prepared by New 
England Nuclear and was purified by reverse-phase 
HPLC. The exact specific activity of the purified 
material was not known; however, it could be 
estimated to be approximately 7.5 x 10’ dpm/nmol. 
This material was combined with unlabelled L- 
656,224 to yield a solution (120 mM. LO6 cpm/pL) 
in ethanol that was utilized in the experiments. 

Reaction mixtures contained approximately 15 big 
of purified 5_lipoxygenase, 1 pg/mL of phospha- 
tidylcholine and 5 x lo5 cpm of [3H]L-656,224 in a 
total volume of 1 mL of 50 mM potassium phosphate 
buffer, pH7.5, containing0.5 mM CaClzandO.l mM 
ATP. The reaction mixtures were brought to 25” 
and 5 PL of ethanol or 0.2 mM 13-HPOD was added. 
After 15 min, the reaction was stopped by the 
addition of 1 mL of ice-cold methanol. After removal 
of precipitated protein by centrifugation at 10,000 g 
for 10 min. the samples (200 pL) were analyzed by 
HPLC using conditions described above for L- 
656,224. Fractions (1 mL) of the eluate were collected 
for the measurement of radioactivity by liquid 
scintillation counting. 

Alkylation of S-lipoxygenase by L-656,224. Reac- 
tion conditions were exactly as described above for 
the study of [3H]L-656,224 degradation, except that, 
after the 15-min incubation period, 400 PL of 60% 
triChlOTOaCetiC acid was added. After a 2-hr 
incubation at 4”. the protein was collected by 
centrifugation and subjected to sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) [22]. The gels were soaked for 20 min in 
Enlightnin~ (New England Nuclear), dried, and 
exposed for 4 days to X-ray film (XAD, Kodak). 

RESULTS 

inhibition of human leukocyte 5-lipoxygenase by 
L-656,224. In initial experiments, the effect of L- 
656,224 on the rate of the 5-lipoxygenase reaction 
was determined using human leukocyte 100,OOOg 
supernatants as the source of enzyme. The reactions 
were initiated with substrate containing 13-HPOD 
to eliminate the kinetic lag phase, which allows the 
use of non-linear regression analysis to estimate the 
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Fig. 3. Inhibition of human leukocyte 5-lipoxygenase by 
L-656,224. Human leukocyte 100,000 g supernatants 
were assayed for 5-lipoxygenase activity using the 
spectrophotometric method. Samples contained the indi- 
cated quantities of L-656,224 and three different enzyme 
concentrations: 30 PL (0). 60 PL (0) and 90 PL (0). The 
data are expressed as the ratio of initial velocity of the 
samplc in the presence of the inhibitor (V,) to the initial 
velocity of control samples assayed without inhibitor (V,). 
Points are single determinations from a representative 
experiment that was performed three times with similar 

results. 

initial velocity of the reaction [18]. As shown in Fig. 
3, L-656,224 strongly inhibited the 5-lipoxygenase 
reaction, but its apparent potency depended upon 
the amount of enzyme used in the assay. The lcso 

values ranged from 13 to 50 nM over a 3-fold change 
in enzyme concentration. These results implied that 
L-656,224 does not behave as a classical, reversible 
inhibitor of 5-lipnxygenase. Furthermore, during the 
course of these studies, we noted that if 13-HPOD 
was omitted from the reaction mixture, excessively 
long lag phases preceded product formation in the 
presence of L-656,224. These results suggested that 
L-656,224 may act by interfering with the oxidative 
activation of the enzyme. 

L-656,224 Stimulation of the pseudopergxidase 
activity of 5-lipoxygenase. The requirement for a 4- 
hydroxy substituent on the benzofuran ring of L- 
656,224 [13] suggests that this inhibitor could act by 
reducing the oxidized active form of 5-lipoxygenase 
to a reduced inactive form as shown for the inhibition 
of soybean lipoxygenase by nordihydroguaiaretic 
acid [8] and as illustrated in Fig. 1. In this case, 
addition of hydroperoxy fatty acid should reoxidize 
the enzyme, through the pseudoperoxidase activity. 
Therefore, in the presence of both L-656,224 and 
fatty acyl hydroperoxide, one should observe 
progressive destruction of the hydroperoxide as the 
enzyme is converted from oxidized to reduced form 
by L-656,224 and then back to the oxidized form 
again through the reaction with the hydroperoxide. 

Figure 4 shows that such a pseudoperoxidase 
activity can be observed with L-656,224 using 
recombinant human 5-lipoxygenase from bacterial 
extracts or immunoaffinity purified 5-lipoxygenase 
from porcine leukocytes. After incubation with 
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Fig. 4. Stimulation of the pseudoFeroxidase activity of S- 
lipoxygenase by L-656.224. Immunoaffinity purified porcine 
5-lipoxygenase (A) and the supernatant fraction containing 
recombinant human 5-lipoxygenase (B) were incubated in 
the presence of lO@M 13-HPOD and 10pM L-656.224 
under the conditions of the pseudoperoxidase assay. 
Aliquots were taken at different times and the levels of L- 
656,224 and 13-HPOD were determined by reverse-phase 

HPLC. 

either enzyme preparation, the levels of both 13- 
HPOD and inhibitor (10pM) decreased with time 
until 20-35% of the compounds were degraded. The 
reaction required active enzyme and no 13-HPOD 
degradation was detected when L-656.224 was 
omitted from the incubation mixture. Similar effects 
were also observed using the soybean lipoxygenase 
(data not shown) but in this case the stoichiometry 
of L-656,224 to 13-HPOD degradation was higher 
than for the 5-lipoxygenase (-2.5). These results 
indicate that L-656,224 can reduce 5-lipoxygenase 
and that the inhibitor is degraded during this 
reaction. The variations in the ratio of hydroperoxide 
to inhibitor consumption suggest that the first 
oxidation product of L-656.224 may undergo 
different reactions after its formation, depending on 
the source of enzyme or assay conditions (see below). 

Degradation of L-656,224 during the 5-lipoxygenase 
reaction. The data presented above indicate that 5- 
lipoxygenase can cause the degradation of L-656.224 
in the presence of relatively high concentrations of 
13-HPOD. It was then determined whether the 
compound could also be destroyed in the presence 
of substrate during the 5-lipoxygenase reaction. The 
100,OOOg supernatant from human leukocyte was 
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Fig. 5. Degradation of L-656,224 by Slipoxygenase. Human leukocyte supernatants (100 &/mL of 
reaction mixture) were incubated under spectrophotometric assay conditions with 100 nM L-656,224. 
(A) Reactions were initiated by the addition of 1 PM 13-HPOD plus 1OpM (0, 0) or 20 PM (Cl, II) 
5,18,14-ETE. At the indicated times, samples were removed for the measurement of L-656,224 (open 
symbols) and SHPETRE + 5-HETRE (closed symbols) concentrations by HPLC. (B) The experiment 
was performed exactly as in A except that IS-HPOD was omitted. The L-656,224 ~n~ntrations in 
samples incubated with the reaction mixture for 15 min in the absence of substrate (A) or in the absence 
of CaZ+ and ATP (A) are also shown. No lipoxygenase reaction product was formed in these samples. 
Data show the results of a single determination from a representative experiment that was repeated 

three times with similar conclusions. 

used as the enzyme source and incubated under the 
conditions utilized for the spectrophotometric assay. 
The incubation mixtures contained 100nM L- 
656,224, which resulted in an approximately 70% 
inhibition of product formation. The reactions were 
initiated with 10 or 20 PM 5,8,14-eicosat~enoic acid 
and a low concentration of 13-HPOD (1 PM) to 
eliminate lag phases. At various times, samples were 
removed for the measurement of L-654,224 and 5- 
HPETRE + HETRE levels by HPLC. The results 
(Fig. 5A) show that L-656,224 was degraded rapidly 
after the initiation of the enzymatic reaction. The 
degradation was more rapid in the presence of 10 PM 
than 20pM substrate, suggesting that, in terms of 
the model shown in Fig. 1, L-656,224 and substrate 
may compete for reaction at E,. It is interesting to 
note that, because the destruction of L-656,224 was 
so rapid under these conditions, little inhibitor was 
actually present during the time that the bulk of the 
product formation occurred. 

The data in Fig. 4 indicated that fatty acyl 
hydroperoxide may be important in the reaction that 
leads to L-656,224 degradation by 5-lipoxygenase. 
We therefore repeated the experiment shown in Fig. 
5A with the omission of the 13-HPOD. The results 
(Fig. 5B) showed that, in the absence of 1 PM 13- 
HPOD, the destruction of L-656,224 occurred much 
more slowly. Furthermore, under these conditions, 
the reaction was faster in the presence of 20 ,uM than 

10 PM, 5,8,14_eicosatetraenoic acid. The explanation 
for this may lie in the observation that destruction 
of L-656,224 appeared to occur concomitantly with 
the formation of 5-HPETRE, which occurred more 
rapidly at the higher substrate concentration. This 
is consistent with a role for fatty acyl hydroperoxide 
in the L-656,224 degradation reaction. Note also 
that, as shown in Fig. 5B, little destruction of L- 
656,224 occurred in the absence of either the 
substrate or Ca2+ and ATP, conditions under which 
product formation did not occur. 

Degradation of L-656,224 by purified human 5- 
lipoxygenase. The experiments in Fig. 5 were 
performed using S-lipoxygenase from the soluble 
fraction of human leukocytes. To verify that the 
effects were not due to contaminating protein, the 
stability of L-656,224 in the presence of the purified 
enzyme from human leukocytes was also studied. 
As shown in Fig. 6A, incubation of purified 5- 
Iipoxygenase with 100 nM L-654,224 in the presence 
of Ca2+ and ATP caused little to no destruction of 
the inhibitor whether or not substrate was added. 
However, purified S-lipoxygenase synthesized little 
product under these conditions (Fig. 6B), due to a 
requirement for various other stimulatory factors 
[14]. Enzyme activity could be increased by low 
levels of phosphatidylcholine [4,19] and by a protein 
fraction obtained from human leukocytes by 
precipitation of the 100,000 g supernatant at 60-90% 
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Fig. 6. Degradation of L-656 .224 by purified 5-lipoxygenase. 
Purified human leukocyte S-lipoxygenase (5-LO. approxi- 
mately 3 pg/mL) was incubated under spectrophotometric 
assay conditions with 100nM L-656.224. As indicated, 
some samples also contained 1 pg/mL phosphatidylcholine 
(PC). and/or 0.4 mg/mL of the 6@90% ppt stimulatory 
factor (ppt). One set of samples contained these factors, 
without the enzyme. Reactions were initkted with the 
addition of 5 pL/mL of 10 mM 5,8.14-eicosatrienoic acid 
in ethanol (+substrate) or 5 pL/mL of ethanol as a control. 
At the end of the IO-min reaction period, samples were 
assayed for L-656.234 concentration (A) and the total 
amount of 5-HPETRE + SHETRE formed in the 700 FL 
reaction mixture (B). Note that the labels under the bars 

apply to both A and B. 

saturation of ammonium sulfate [14]. As seen in Fig. 
6, when phosphatidylcholine (2pg/mL) was added 
to the reaction mixture, product formation ocrurred. 
and the purified 5-lipoxygenase caused an 85% 
destruction of L-656,224. but only in the presence 
of substrate. Product formation and inhibitor loss 
were augmented further when both phos- 
phatidylcholine and the 6@90% ppt were included 
(Fig. 6, A and B). However, the destruction of L- 
656,224 was clearly dependent on the presence of 5- 
lipoxygenase, as phosphatidylcholine plus the 60- 
90% ammonium sulfate precipitate alone did not 
catalyse this reaction. Figure 7 shows the time course 
of the destruction of L-656,224 (1.5@450 nM) 
catalysed by purified 5-lipoxygenase in the presence 

0 40 60 120 160 200 240 

TIME (SEC) 

Fig. 7. Time course of L-656.224 degradation by human 
5-lipoxygenase. Purified 5-lipoxygenase (3 lig/mL) was 
incubated under spectrophotometric assay conditions in 
the presence of 2 pg/mL phosphatidylcholine and 150 nM 
(0). 3OOnM (m), or 450 nM (0) L-656,224. Reactions 
were initiated by the addition of 1 pM 13-HPOD. and at 
the indicated times, samples were removed for the 
measurement of L-656.224 concentration. Data represent 
the results of single determinations from a representative 
experiment that was repeated three times with similar 

findings. 

of Ca’+, ATP, phosphatidylcholine and 1 PM 13. 
HPOD. The initial rate of the reaction was dependent 
on inhibitor concentration and decreased rapidly 
with time up to conversion of 55-85% of L-656.224 
to other species. 

Attempt to identify a metabolite of L-656.224 from 
its reaction with 54poxygenase. It was desirable to 
identify the reaction product of the 5-lipoxygenase- 
catalysed reaction of L-656,224 to ascertain the 
chemical mechanisms involved. Consequently, 
[3H]L-656,224 was incubated with purified enzyme 
in the presence of Ca.+, ATP. phosphatidylcholine 
and 1 PM 13-HPOD for 10min at 2S”, and the 
reaction mixture then immediately subjected to 
HPLC. The results showed a nearly total destruction 
of the [3H]L-656.224 that occurred only when 13. 
HPOD was included in the reaction mixture. A 
major peak was detected after HPLC (eluting at 
16 min, Fig. 8), suggesting the formation of a single 
prominent reaction product. However, attempts 
to isolate or characterize this compound were 
unsuccessful due to its extreme instability. Inter- 
estingly, if crude preparations of 5-lipoxygenase 
were used in this experiment, the destruction of 
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Fig. 8. Degradation products of L-656,224 from its reaction 
with 5-hpoxygenase. Purified 5lipoxygenase (1.5 pg/mL) 
was incubated under spectrophotometric assay conditions 
with 2,ug/mL phosphatidylcholine and 5 x 105cpm of 
[3H]L-656.224 (approximately 17 nM). Reactions were 
initiated by the addition of 5 PL of 0.2 mM 13-HPOD or 
5 PL ethanol as a control (final volume of 1 mL). After 
15 min, the reaction mixtures were combined with I mL of 
methanol and subjected to HPLC analysis. Fractions of 
1 mL were collected and measured for radioactivity by 
liquid scintillation counting. The data show the total cpm 

in each column fraction. 

[“H]L-656,224alsooccurred, but nomajormetabolite 
could be detected after HPLC under the same 
conditions. 

Reaction of a degradation product of L-656,224 
with Nipoxygenase. The instability of the reaction 
product of L-656,224 with 5-lipoxygenase suggested 
the possibility that this product might react with the 
enzyme. To test this hypothesis, purified human .5- 
lipoxygenase was incubated with 13H]L-656,224 in 
the presence and absence of 13-HPOD under the 
conditions utihzed for the experiment in Fig. 8. 
After the reaction, the protein was concentrated by 
t~~hloroa~etic acid precipitation and subjected to 
SDS-PAGE [22] and autoradiography. As seen in 
Fig. 9, 5lipoxygenase became strongly labelled by 
[3H]L-656,224 after incubation in the presence of 
13-HPOD, in contrast to incubation in the absence 
of 13-HPOD. When 5-lipoxygenase was replaced by 
bovine serum albumin, a low level of labelling could 
be observed upon incubation with [3H]L-656,224 but 
did not increase in the presence of 13-HPOD. Note 
that, in the case of purified Uipoxygenase incubated 

5--LO 

BSA 

CONT. 
I- 

L, 

Fig. 9. Covalent modification of 5-lipoxygenase by L- 
656,224. Experiments were conducted exactly as described 
in the legend to Fig. 8 except that in some samples S- 
lipoxygenase was replaced by an equal concentration of 
bovine serum albumin. and the reactions were terminated 
by the addition of 400 pL of 60% trichloroacetic acid. The 
precipitated protein was recovered by centrifugation and 
subjected to SDS-PAGE followed by autoradiography. 
The resulting autoradio~am is labelled to show the 
positions of S-lipoxygenase (5LO), bovine serum albumin 
(BSA), and contaminant proteins in the 5-lipoxygenase 
samples (CONT.). Samples incubated in the absence (- i3- 
HPOD) and presence (+ 13-HPOD) of 13-HPOD are also 

designated. 

in the presence of [3H]L-656,224 and 13-HPOD, not 
only the enzyme itself, but also some minor 
contaminant proteins of lower molecular weight [ 141 
were labelled, indicating that not all of the reactive 
species remains associated with the enzyme. 

DISCUSSION 

In this series of experiments, we have attempted 
to gain some insight into the mechanism of action 
of L-656,224, a 5-lipoxygenase inhibitor of the 4- 
hydroxybenzofuran class. Kinetic studies revealed 
that this compound does not behave as a classical, 
reversible inhibitor, and its chemical structure 
suggested the possibility that it may act as a reducing 
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agent to interefere directly with the chemistry of the design of 5-lipoxygenase inhibitors intended for 
Wipoxygenase reaction. clinical use. 

Previous studies of the soybean lipoxygenase have 
shown that this enzyme can exist in an inactive, 
ferrous and an active, ferric form. The ferrous 
enzyme is oxidized to the ferric form through a 
reaction with 13-HPOD which results in destruction 
of the hydroperoxide molecule [23]. Recently, Kemal 
et al. [8] demonstrated that nordihydroguaiaretic 
acid, a catechol inhibitor of lipoxygenases, can 
directly reduce the ferric enzyme to the ferrous 
form. Thus in the presence of both 13-HPOD and 
the inhibitor, the enzyme cycles between two forms, 
catalysing the destruction of the 13-HPOD. 

Our results with L-656,224 indicate that this 
inhibitor can stimulate the pseudoperoxidase activity 
of human Slipoxygenase, suggesting that it inhibits 
Slipoxygenase through a mechanism similar to that 
of nordihydroguaiaretic acid. If this is true, then the 
reduction of the enzyme by L-656,224 may be 
expected to be accompanied by the generation of a 
radical form of the inhibitor. The finding that L- 
656,224 is destroyed rapidly through its interaction 
with 5-lipoxygenase and fatty acyl hydroperoxide is 
consistent with this hypothesis. 

The degradation of L-656,224 was dependent upon 
the presence of active 5-lipoxygenase. Thus under 
conditions such that the enzyme does not catalyze 
product formation appreciably (i.e. omission of 
Ca?+, ATP. or stimulatory factors). L-656.224 
degradation did not occur (Figs 5 and 6). The 
reaction also required the presence of fatty 
acyl hydroperoxide. either added exogenously, or 
generated in situ by the enzyme. The results are also 
consistent with the mechanism proposed for 
nordihydroguaiaretic acid, and illustrated in Fig. 1. 

The finding that L-656.224 can reduce the active 
enzyme to its inactive form would be sufficient to 
explain its inhibitory effect on the 5-lipoxygenase. 
However, our data also suggest the possibility that 
L-656,224 may irreversibly inactivate the enzyme, 
or accelerate the inactivation process that normally 
occurs during the 5-lipoxygenase reaction, since 
some reactive species derived from the inhibitor can 
covalently modify 5-lipoxygenase (as well as other 
proteins). In this regard. it is interesting to note that 
the data in Fig. 5A suggest that. when the 5- 
lipoxygenase reaction was initiated in the presence 
of both fatty acyl hydroperoxide and L-656,224. 
most of the inhibitor was destroyed prior to the bulk 
of the product formation. Thus it is possible that, 
under these conditions. a rapid reaction with L- 
656,224 led to an inactivation of a portion of the 5- 
lipoxygenase, and that the product that was 
subsequently synthesized resulted through the action 
of the remaining active enzyme. 

Obviously. these experiments were carried out 
using cell-free extracts or purified enzyme under 
conditions that would not occur in an intact cell. It 
is not known how 5-lipoxygenase becomes oxidatively 
activated intracellularly, but one might expect that 
high concentrations of hydroperoxy fatty acids would 
not accumulate. Thus we cannot say to what extent 
rapid degradation of L-656.224 and subsequent 
protein alkylation would occur in uioo. although 
considerations are of importance for the future 
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