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ABSTRACT: Recent studies showed that soybean lipoxygenase inhibitors like phenidone and nordihydro- 
guaiaretic acid (NDGA) reduce the catalytically active ferric lipoxygenase to its inactive ferrous form. 
Addition of 13 (S)-hydroperoxy-cis-9,truns- 1 1 -octadecadienoic acid (1 3-HPOD) regenerated the active ferric 
form. In this paper, it is shown that in such a system the inhibitors are oxidized to free-radical metabolites. 
Incubation of soybean lipoxygenase and linoleic acid with p-aminophenol, catechol, hydroquinone, NDGA, 
or phenidone resulted in the formation of the one-electron oxidation products of these compounds. Free-radical 
formation depended upon the presence of the lipoxygenase and 13-HPOD. The free radicals were detected 
by ESR spectroscopy, and their structure was confirmed by analysis of the spectra, using a computer 
correlation technique. These data support the proposed mechanism for the inhibition of lipoxygenase by 
phenolic antioxidants. 

L i p o x  ygenases are dioxygenases that catalyze the hydro- 
peroxidation of polyunsaturated lipids containing a cis- 1 ,cis- 
4-pentadiene moiety (Vliegenthart & Veldink, 1982). For 
example, linoleic acid is converted by molecular oxygen and 
soybean lipoxygenase to 13(S)-hydroperoxy-cis-9,trans- 1 1- 
octadecadienoic acid (1 3-HPOD).' Interest in the mechanism 
and inhibition of lipoxygenases has been stimulated by the 
observation that 5-lipoxygenase has a pivotal role in the bio- 
synthesis of leukotrienes. Leukotrienes play an important role 
in inflammation and immediate hypersensitivity reactions 
(Samuelsson. 1983). 

catalytically active ferric soybean lipoxygenase to the inactive 
ferrous form (Kemal et al., 1987). Femc lipoxygenase exhibits 
a characteristic ESR signal near g = 6, while the ferrous form 
of the enzyme is ESR silent (Slappendel et al., 1982). 
Treatment of the enzyme with NDGA resulted in the disap- 
pearance of the ESR signal, indicating that the iron is con- 
verted to its inactive ferrous state. This reaction, however, 
was reversible as addition of 13-HPOD to the reaction mixture 
regenerated the ferric state and restored catalytic activity. The 
oxidation of ferrous to ferric iron by 13-HPOD results in the 

. Recent studies showed that incubation with NDGA, one of 
I Abbreviations: 13-HPOD, 13(S)-hydroperoxy-cis-9,trans-l l a t a -  the most efficient inhibitors Of lipoxYgenases9 reduces the decadienoic acid: NDGA. nordihvdroPuaiaretic acid: DETAPAC. di- 

eth ylenetriaminepentaacetic acid; BW" 7 5 5C, 3-amino- 1 - [ 3 4  trifluoro- 
methyl)phenyl]-2-pyrazoline; phenidone, 1-phenyl-3-pyrazolidinone. * Author to whom correspondence should be addressed. 
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Scheme I: Catalytic Cycle of the Dioxygenation of Linoleic Acid 
(LH) by Soybean Lipoxygenase [Enz-Fe(II1) or Enz-Fe(II)] and 
Catalytic Cycle of the Oxidation of Lipoxygenase Inhibitors (RH) by 
Soybean Lipoxygenase and 13-HPOD (LOOH) 

Van der Zee et al. 

C -Ilnoleic acld 

homolytic cleavage of the hydroperoxide and the subsequent 
disappearance of its UV chromophore. The oxidation of 
ferrous to ferric iron can thus be conveniently followed by 
monitoring the disappearance of the 234-nm chromophore of 
13-HPOD. Incubation of soybean lipoxygenase and 13-HPOD 
with lipoxygenase inhibitors like NDGA, phenidone, or BW 
755C resulted in the disappearance of the 234-nm chromo- 
phore. The mechanism shown in Scheme I was proposed for 
the catalytic cycle of soybean lipoxygenase and its inhibition 
by catechols and N-alkylhydroxylamines (Clapp et al., 1985; 
Kemal et al., 1987; Mansuy et al., 1988). The mechanism 
implies the oxidation of the inhibitors to free radicals, but so 
far no data have been published demonstrating that free 
radicals are formed in this system. On the contrary, Nelson 
(1988) was unable to detect the formation of the semiquinone 
radical from catechol with ESR, in a system containing cat- 
echol and lipoxygenase. In order to further elucidate the 
mechanism in Scheme I, we decided to search with ESR 
spectroscopy for the formation of the free radical metabolites 
from these inhibitors. 

MATERIALS AND METHODS 
Soybean lipoxygenase 1 (type IV, 440000 units/mg of 

protein) was purchased from Sigma. 13-HPOD was obtained 
from Cayman Chemical Co. and stored at -70 OC. All other 
chemicals were purchased from Sigma and were of the highest 
grade available. 

Incubations were performed in 0.1 M sodium phosphate 
buffer, pH 7.4 or 6.5, in the presence of 1 mM DETAPAC, 
which helps to inhibit autoxidation of the substrates. Incu- 
bations containing linoleic acid were prepared as follows: 
lipoxygenase and linoleic acid were added to the buffer and 
mixed vigorously for 15 s to allow for the formation of 13- 
HPOD prior to the addition of phenidone or one of the other 
compounds. When 13-HPOD was used, phenidone was added 
immediately after the enzyme and 13-HPOD. 

ESR spectra were obtained on an IBM ER-200 spectrom- 
eter operating at 9.7 GHz with 100-lcHz modulation frequency 
and equipped with an ER-4103 TM cavity. The solutions were 
transferred to the quartz flat cell by means of a rapid sampling 
device, and ESR spectra were recorded (Mason, 1984). All 
the experiments were performed at room temperature. The 
spectra were analyzed by a computer correlation technique, 
and hyperfine splitting constants were obtained from spectra 
simulated on a HP  9000 computer system (Duling et al., 
1988). 

RESULTS AND DISCUSSION 
Soybean lipoxygenase-catalyzed oxidation of linoleic acid 

is most effective at pH 9.0-9.5 (Axelrod et al., 1981). How- 
ever, the compounds used in this study are subject to base- 

D anzyme - 
E -Phenldone 

FIGURE 1: Oxidation of phenidone. (A) The incubation mixture 
contained phenidone (0.52 mM), lipoxygenase (57 Kg/mL), and 
linoleic acid (0.86 mM) in 0.1 M sodium phosphate buffer, pH 6.5, 
containing 1 mM DETAPAC. Instrumental conditions were as 
follows: microwave power, 20.9 mW; modulation amplitude, 0.5 G; 
time constant, 0.66 s; scan width, 100 G; scan time, 5 min. (B) 
Simulation of s ectrum in (A . Hyperfine splittin constants were 

H), a:cta = 1.05 G (2 H), and a”,,, = 3.47 G. Line width = 0.4 G. 
(C) As (A), but no linoleic acid. (D) As (A), but no lipoxygenase. 
(E) As (A), but no phenidone. 

catalyzed autoxidation, and when these compounds were 
dissolved in 0.1 M Tris-HC1 buffer, pH 9.0, free radicals could 
be detected with ESR spectroscopy quite easily. Therefore, 
experiments were performed at pH 7.4 or 6.5, and 1 mM 
DETAPAC was added to chelate adventitious transition metals 
and thereby possibly inhibit autoxidation. 

In all experiments radical formation depended upon the 
presence of lipoxygenase and 13-HPOD. The hydroperoxide 
of linoleic acid was added directly to the incubation mixture, 
or it was formed by incubating the enzyme and linoleic acid 
for 15 s prior to addition of one of the inhibitors. Incubation 
of phenidone (0.5 mM) with preincubated linoleic acid (0.86 
mM) and lipoxygenase (57 pg/mL) resulted in the spectrum 
shown in Figure 1A. Phenidone readily autoxidizes, and even 
at  pH 6.5, the radical could be detected at  low levels in the 
control experiments (Figure 1 C,D). 

The ESR spectrum of the phenidone radical was previously 
published. It was first obtained by autoxidation in aqueous 
solution at pH 10 (Lee & Miller, 1966), and it was also de- 
tected in a system containing horseradish peroxidase and H202 
at pH 10 (Marnett et al., 1982), but no hyperfine splitting 
constants were given. The one-electron oxidation of phenidone 
results in the formation of the I-phenyl-3-pyrazolidinone free 
radical with the lone electron on the nitrogen attached to the 
phenyl ring (Lee & Miller, 1966). Computer analysis of the 
hyperfine pattern confirmed the formation of this radical in 
the lipoxygenase/linoleic acid system. Splitting constants were 
obtained for two nitrogens, uy = 14.9 G and uy = 7.42 G, for 
two equivalent protons at  C(5) with u& = 11.5 G, and for 
the protons in the phenyl ring, with uztho = 3.17 G (2 H), ujrfeta 
= 1.05 G (2 H),  and uEra = 3.47 G. When BW 755C, an 
analogue of phenidone, was incubated with lipoxygenase and 
linoleic acid, no signal could be detected, presumably due to 
the instability of the BW 755C radical (data not shown). 

~ ~ = 1 4 . 9 G , u ~ = 7 . 4 2 G , u ~ ~ ~ =  11.5G(2H),a,h0=3.17G(2 B 
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FIGURE 2: Formation of the phenidone radical by soybean lip- 
oxygenase: 13-HPOD dependence. The incubation mixture consisted 
of soybean lipoxygenase (55 pg/mL), phenidone (0.5 mM), and 
13-HPOD (0-40 pM). Values were corrected for the signal intensity 
detected without 13-HPOD (n = 2). Instrumental conditions were 
as described under Figure 1A. (A) Under air; (B) under nitrogen 
atmosphere. 

Similar results were obtained when phenidone was incubated 
with lipoxygenase and 13-HPOD in 0.1 M sodium phosphate 
buffer, pH 6.5 (results not shown). Formation of the phen- 
idone radical clearly depended on the presence of 13-HPOD, 
as is illustrated by the results depicted in Figure 2. In this 
case the intensity of the phenidone radical signal was deter- 
mined in a system containing soybean lipoxygenase (55 pg/ 
mL), phenidone (0.5 mM), and 13-HPOD (concentration 
varied from 0 to 40 pM). The signal intensity increased with 
increasing 13-HPOD concentration until approximately 25 
pM, where maximum signal intensity was reached. When 
phenidone was incubated with lipoxygenase and 13-HPOD 
under a nitrogen atmosphere, the signal intensity was 20-30% 
lower. This effect might be due to the fact that oxygen is 
involved in the decomposition of lipid hydroperoxides. It has 
been proposed that this decomposition proceeds through an 
alkoxy radical and epoxidation, followed by incorporation of 
molecular oxygen to form another peroxyl radical (Gardner 
et al., 1975, 1978, 1981). The presence of more hydroperoxides 
will stimulate the oxidation of the inhibitors and, in this case, 
will cause a higher phenidone signal (Figure 2). 

Another efficient inhibitor of soybean lipoxygenase is 
NDGA. Oxidation of NDGA (1.1 mM) with lipoxygenase 
(45 pg/mL) and preincubated linoleic acid (0.43 mM) in 0.1 
M sodium phosphate buffer, pH 7.4, resulted in the formation 
of a semiquinone free radical (Figure 3A). When linoleic acid 
or the enzyme was omitted from the incubation mixture, a 
weak signal was detected due to autoxidation of NDGA 
(Figure 3C,D). Incubation of NDGA at pH 6.5 prevented 
this autoxidation, but when NDGA was incubated with lip- 
oxygenase and linoleic acid at this pH, only a very weak signal 
was obtained. Therefore, experiments were performed at pH 
7.4. The semiquinone radical obtained was very unstable, and 
the signal intensity decreased rapidly during the scan unless 
a short scan time was used (Figure 3A). Unexpectedly the 
lines in the center part of the spectrum were broadened as 
compared to the two doublets at the outside. These alternating 
line-width effects might be due to rotation of the two meth- 
ylene hydrogens of the side chain (Sullivan & Bolton, 1970). 
Similar problems have been encountered by Pilaf (1 970) in 
the analysis of the spectrum of the 4-ethyl-benzosemiquinone 
radical. 

These results illustrate that the lipoxygenase inhibitors 
phenidone and NDGA are converted to their one-electron 

n h  

0 -NOGA 

FIGURE 3: Oxidation of NDGA. (A) The incubation mixture con- 
tained NDGA (1.1 mM), lipoxygenase (45 Fg/mL), and linoleic acid 
(0.43 mM) in 0.1 M sodium phosphate buffer, pH 7.4, containing 
1 mM DETAPAC. Instrumental conditions were as follows: mi- 
crowave power, 20.9 mW, modulation amplitude, 0.5 G; time constant, 
0.66 s; scan range, 40 G; scan time, 90 s. (B) As (A), but no linoleic 
acid. (C) As (A), but no lipoxygenase. (D) As (A), but no NDGA. 

oxidation products when they reduce the ferric lipoxygenase 
to its ferrous form. Several other compounds have been studied 
for their ability to reduce the active ferric form of the enzyme 
to the inactive ferrous form by measurement of the disap- 
pearance of 13-HPOD (Kemal et al., 1987; Mansuy et al., 
1988). These compounds included p-aminophenol, catechol, 
and hydroquinone. The oxidation of these compounds has been 
studied in a variety of systems, and their radicals are well 
characterized (Josephy et al., 1983; Pedersen, 1985). We 
therefore decided to study the formation of the radicals of these 
compounds in the lipoxygenase/linoleic acid system as well. 
In the case of p-aminophenol (2 mM), no detectable signal 
was observed in freshly prepared solutions at pH 6.5. Oxi- 
dation with lipoxygenase (55 pg/mL) and preincubated linoleic 
acid (0.83 mM) resulted in a short-lived ESR spectrum 
(Figure 4A). The signal was dependent on the presence of 
both the enzyme and linoleic acid (Figure 4C,D). Computer 
simulation of the hyperfine pattern confirmed the identification 
of the paramagnetic species as the one-electron oxidation 
product of p-aminophenol. Hyperfine splitting constants were 
aN = 5.4 G, a& = 5.25 G (2 H), = 2.77 G (2 H), and 
a!cta = 1.74 G (2 H); the simulation is shown in Figure 4B. 
The oxidation product of paminophenol was studied previously 
by ESR with horseradish peroxidase and H20, as the oxidizing 
system. These splitting constants are in agreement with the 
published values (Josephy et al., 1983). 

Incubation of catechol (2 mM) or hydroquinone (2 mM) 
with lipoxygenase (57 pg/mL) and preincubated linoleic acid 
(0.83 mM) resulted in the formation of the 1,2-benzosemi- 
quinone radical and the 1 ,Cbenzosemiquinone radical, re- 
spectively (Figure 5A,C). When lipoxygenase or linoleic acid 
was omitted from the incubation mixture, no ESR signal was 
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C -linoleic acid 

D -enzyme 

E -p.aminophenoi 

FIGURE 4: Oxidation of p-aminophenol. (A) The reaction mixture 
contained p-aminophenol (2 mM), lipoxygenase (55 pg/mL), and 
linoleic acid (0.83 mM) in 0.1 M sodium phosphate buffer, pH 6.5, 
containing 1 mM DETAPAC. Instrumental conditions were as 
follows: microwave power, 20.9 mW; modulation amplitude, 0.5 G; 
time constant, 0.66 s; scan range, 60 G; scan time, 5 min. (B) 
Simulation of s ectrum in (A). Hyperfine splitting constants were 

= 1.74 G (2 H). Line width = 0.4 G. (C) As (A), but no linoleic 
acid. (D) As (A), but no lipoxygenase. (E) As (A), but no p- 
aminophenol. 

observed (results not shown). The spectrum of the 1,2- 
benzosemiquinone radical consists of a triplet of triplets, due 
to two sets of equivalent protons. Hyperfine splitting constants 
were a& = 3.68 G (2 H)  and a& = 0.77 G (2 H); the sim- 
ulation is shown in Figure 5B. The 1 ,4-benzosemiquinone 
radical spectrum consists of a quintet, due to four equivalent 
protons with hyperfine splitting constant aF3,5,6 = 2.36 G; the 
simulation is shown in Figure 5D. These values are in ac- 
cordance with those previously published (Pedersen, 1985). 

As was mentioned previously, the compounds used in this 
paper are easily oxidized at pH 8-9 without enzyme or linoleic 
acid present. Kemal et al. (1987) already observed that the 
behavior of ferric soybean lipoxygenase toward catechols was 
similar to that of ferric iron in aqueous solution at  pH 1-2. 
Our observations indicate that, in general, compounds that 
easily autoxidize in solutions of pH 7-10 are good substrates 
for the lipoxygenase. We therefore studied the oxidation of 
N,N,N',N'-tetramethyl- and N,N'-dimethylphenylenediamine, 
two compounds that easily autoxidize in aqueous solution and 
form very stable radicals. Incubation of either compound with 
soybean lipoxygenase and linoleic acid, under conditions where 
autoxidation was minimal, resulted in the formation of ni- 
trogen-centered cation free radicals (not shown). These 
compounds are not very effective inhibitors of the lipoxygenase 
activity in comparison with NDGA (data not shown), but since 
they form very stable radicals, they can be observed by ESR 
spectroscopy quite easily. 

Since many of the compounds used in this study are also 
good peroxidase substrates, we were interested in comparing 
the lipoxygenase activity with the peroxidase activity. How- 
ever, good peroxidase substrates like N,N,N',N'-tetra- 
methylbenzidine and aminopyrine, compounds that form stable 
and well-characterized radicals, were not oxidized by the 

aN = 5.4 G, aNH2 Hp = 5.25 G (2 H), a:flho = 2.77 G (2 H), and aiew 

v 5 Gauss 

i 

FIGURE 5: Oxidation of catechol and hydroquinone. (A) The reaction 
mixture contained catechol (2 mM), lipoxygenase (57 pg/mL), and 
linoleic acid (0.83 mM) in 0.1 M sodium phosphate buffer, pH 6.5, 
containing 1 mM DETAPAC. Instrumental conditions were as 
follows: microwave power, 20.9 mW; modulation amplitude, 0.5 G; 
time constant, 0.66 s; scan range, 40 G; scan time, 5 min. (B) 
Simulation of spectrum in (A). Hyperfine splitting constants were 
ay5 = 3.68 G (2 H) and &, = 0.77 G (2 H). Line width = 0.3 G. 
(6) As (A), but with hydroquinone (2 mM). (D) Simulation of 
spectrum in (C). Hyperfine splitting constant was a!3,5,6 = 2.36 G 
(4 H). Line width = 0.3 G. 

soybean lipoxygenase/linoleic acid system, clearly indicating 
that the lipoxygenase activity is different from a peroxidase 
activity (data not shown). 

In conclusion, in this paper it is shown that incubation of 
p-aminophenol, catechol, hydroquinone, NDGA, or phenidone 
with lipoxygenase and linoleic acid leads to the formation of 
free radical metabolites of these compounds. Previously, either 
the reduction of the enzyme or the oxidation of 13-HPOD was 
monitored (Kemal et al., 1987; Mansuy et al., 1988). It was 
proposed that free radicals would be formed from compounds 
that were able to reduce the catalytically active ferric soybean 
lipoxygenase to its inactive ferrous form (Scheme I). By using 
ESR spectroscopy, we were able to directly detect the for- 
mation of these free radicals and thus confirm, at least in part, 
the proposed mechanism. 
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ABSTRACT: The voltage-sensitive sodium channel from the electroplax of Electrophorus electricus is selectively 
phosphorylated by the catalytic subunit of cyclic-AMP-dependent protein kinase (protein kinase A) but 
not by protein kinase C. Under identical limiting conditions, the protein was phosphorylated 20% as rapidly 
as the synthetic model substrate kemptamide. A maximum of 1.7 f 0.6 equiv of phosphate is incorporated 
per mole. Phosphoamino acid analysis revealed labeled phosphoserine and phosphothreonine at  a constant 
ratio of 3.3: 1. Seven distinct phosphopeptides were identified among tryptic fragments prepared from 
radiolabeled, affinity-purified protein and resolved by HPLC. The three most rapidly labeled fragments 
were further purified and sequenced. Four phosphorylated amino acids were identified deriving from three 
consensus phosphorylation sites. These were serine 6, serine 7, and threonine 17 from the amino terminus 
and a residue within 47 amino acids of the carboxyl terminus, apparently serine 1776. The a-subunits of 
brain sodium channels, like the electroplax protein, are readily phosphorylated by protein kinase A. However, 
these are also phosphorylated by protein kinase C and exhibit a markedly different pattern of incorporation. 
Each of three brain a-subunits displays an -200 amino acid segment between homologous repeat domains 
I and 11, which is missing from the electroplax and skeletal muscle proteins [Noda et al. (1986) Nature 
(London) 320, 188; Kayano et al. (1988) FEBS Lett. 228, 1878; Trimmer et al. (1989) Neuron 3,331. Most 
of the phosphorylation of the brain proteins occurs on a cluster of consensus phosphorylation sites located 
in this segment. This contrasts with the pattern of highly active sites on the amino and carboxyl termini 
of the electroplax protein. The detection of seven labeled tryptic phosphopeptides compared to the maximal 
labeling stoichiometry of -2 suggests that many of the acceptor sites on the protein may be blocked by 
endogenous phosphorylation. 

s e c o n d  messenger systems involving protein phosphorylation 
play prominent roles in regulating many aspects of excitable 
cell physiology (Walaas & Greengard, 1987; Levitan, 1985). 
Several lines of evidence now demonstrate that the a-subunits 
of neuronal voltage-sensitive sodium channels are subject to 
enzymatic phosphorylation and suggest that this modification 

+These studies have been supported by NS-17928, HL-38156, and a 
grant from the National Multiple Sclerosis Society to W.S.A. and by 
Predoctoral Training Grant GM-7527-10 to the Department of Cellular 
and Molecular Physiology. This work is submitted in partial fulfillment 
of the degree of Doctor of Philosophy for M.C.E. 

may play a role in modulating sodium channel gating or 
permeability (Rossie & Catterall, 1988b). The a-subunits of 
brain sodium channels differ from those of mammalian skeletal 
muscle or eel electroplax in possessing a specialized cytoplasmic 
segment which is enriched in consensus phosphorylation sites. 
This domain, which is the major site of phosphorylation both 
in vitro and in vivo, has been proposed to play a regulatory 
role unique to neuronal sodium channels. In this paper we 
examine the enzymatic phosphorylation of the muscle-type 
electroplax sodium channel, which lacks this segment and 
which displays a markedly different pattern of consensus 
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