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ABSTRACT: The mechanism of inhibition of porcine leukocyte 12-lipoxygenase by 4-(2-oxapentadeca-4-
yne)phenylpropanoic acid (OPP) was investigated. This compound is selective for the leukocyte form of
the 12-lipoxygenase and inhibits the purified recombinant enzyme with @tvélie of approximately 2

uM. OPP induced a concentration-dependent lag phase in the oxygenation of arachidonic acid and decreased
the maximal rate of reaction. Addition of the fatty acid hydroperoxidé&StB{droperoxyoctadecadienoic

acid (13-HPODE) to the reaction greatly reduced the OPP-induced lag. Linewdawdranalysis of the

effect of OPP on 12-lipoxygenase kinetics with arachidonic acid indicated that it was a mixed-type inhibitor.
OPP was not metabolized by 12-lipoxygenase as evidenced by its quantitative recovery from incubations
with stoichiometric amounts of enzyme and 13-HPODE or arachidonic acid. OPP inhibited the
pseudoperoxidase activity of the enzyme with 13-HPODE and the reducing agent, BWA137C. Lineweaver
Burk analysis of the effect of OPP on pseudoperoxidase kinetics suggested that OPP was competitive
with 13-HPODE. Single-turnover experiments indicated that OPP inhibited the reduction of 13-HPODE
by a stoichiometric amount of ferrous 12-lipoxygenase. Addition of 13-HPODE shortened the OPP-induced
lag phase but did not affect the maximal rate of enzyme activity. In addition, OPP had no effect on total
product formation in either the presence or the absence:®f £3-HPODE when the reaction was allowed

to go to completion. All of these observations are consistent with a model for inhibition of 12-lipoxygenase
activity in which OPP slows the oxidation of the inactive ferrous enzyme to the active ferric enzyme and
competes with arachidonic acid for the ferric enzyme.

Plant and animal lipoxygenases catalyze the dioxygenation 8 5
of polyunsaturated fatty acids at specific positiofs-%). _ﬂ _ﬂ COH
For example, separate mammalian lipoxygenases oxidize m
arachidonic acid at the 5, 8, 12, or 15 positions to generate _ﬂ —U
isomeric hydroperoxyeicosatetraenoic acids (Figured}l) ( 12 15
Two different 12-lipoxygenases have been described, but A COM
elucidation of their physiological function has been hampered w N b COH
by the lack of isoform-specific inhibitors$). Therefore, our  Hoo-{ — e

lab has undertaken efforts to synthesize candidate inhibitors.

We recently reported the synthesis of oxaacetylenic acids 12-HPETE oFF
as selective inhibitors of the leukocyte isoform of 12- HOC-HCY A\ AN/
lipoxygenase{). The most potent inhibitor in this class is ooH

OPP (4-[2-oxapentadeca-4-yne]phenylpropanoic acid) (Fig- 13-HPODE

ure 1). This compound has ansior inhibition of cytosolic FiIGURE 1: Positional specificities of mammalian arachidonate
preparations of leukocyte 12-lipoxygenase that is 3 orders lipoxygenases and the structures of key molecules described in this
of magnitude lower than the kgs for inhibition of cytosolic paper.

preparations of platelet-type 12-lipoxygenase or rabbit reticu-
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of lipoxygenases and suggested to us that OPP functions ag€DNA. A Ndd/EcdRl digest was then used to move the
a mechanism-based irreversible inactiva®r 10). N-terminus of the 12-lipoxygenase cDNA into the new

In the present study, we investigated the inhibition of €Xpression vectors, resulting in wild-type 12-lipoxygenase
purified leukocyte-type 12-lipoxygenase by OPP. The results CDNA in the expression vector pET 20b). The protocol
indicate that, in contrast to our initial hypothesis, OPP does Used to express 12-lipoxygenase was the same as that used
not act as a mechanism-based inactivator. Rather, it bindsto express an allene oxide synthasipoxygenase fusion
to both the ferrous and ferric forms of the enzyme and Protein (2).
prevents hydroperoxide-dependent activation and oxidation ~Cell pellets containing 12-lipoxygenase were resuspended
of arachidonic acid. OPP elicits a pronounced lag phase priorin a total volume of 175 mL of lysis buffer (50 mM Bis-
to the achievement of the maximal rate of turnover of Tris propane, 1 mM DTT, 2ug/mL catalase, 6@ug/mL
arachidonic acid by the enzyme, which is greatly reduced chicken egg white type II-O trypsin inhibitor, pH 7.2) and
by the addition of a fatty acid hydroperoxide. In addition, lysed by mixing 6 times for 10 s with 0.1 mm glass beads
OPP inhibits the pseudoperoxidase activity of the enzyme with 2 min intervals between bursts. A dry ice/ethanol bath
and is a reversible, non-redox-type inhibitor. Finally, OPP Wwas used to cool the chamber during mixing. The lysate was
lowers the rate of maximal 12-lipoxygenase activity achieved then centrifuged at 50@0for 10 min at 4°C, and the
independent of the length of the lag phase. This two-prongedsupernatant was then centrifuged at 10@0@dr 1 h at 4

mechanism of inhibition may serve as a prototype for the °C. This supernatant was treated withZ/mL DNasel for
development of novel isoform-selective inhibitors of mam- 15 min at room temperature. Ammonium sulfate was added

malian lipoxygenases. at 4 °C to all of the samples to yield 60% saturation, and
the solution was centrifuged at 10 000 rpm for 15 min at 4

MATERIALS AND METHODS °C. The supernatant was removed, and the pellets were stored
at —20 °C.

Arachidonic acid, linoleic acid, and lS-hydroxyoctadeca- The ammonium sulfate pe||et3 were thawed and resus-
dienoic acid were purchased from Cayman Chemical (Ann pended in desalt buffer | (10 mM Bis-Tris propane, pH 7.2,
Arbor, MI). The expression vector pET-20b( and the 1 mM DTT, 60xg/mL chicken egg white type 1I-O trypsin
Escherichia colistrain BL21(DE3) were purchased from jnhibitor, 20 ug/mL catalase). The solution was desalted
Novagen (Milwaukee, WI). DNaselwas from Boehringer ysing an EconoPac 10DG column. The desalted sample was
Mannheim (Indianapolis, |N) IPTG was obtained from Gold then injected onto a H|TrapQ anion exchange column
Biotechnology (St. Louis, MO). The bead beater and 0.1 mm connected to the FPLC. Buffer A (10 mM Bis-Tris propane,
glass beads were purchased from Biospec Products (Bartles§ mm DTT, pH 7.2) was the initial buffer used to load the
ville, OK). Econopac 10DG columns were purchased from protein onto the column. Increasing the concentration of
Biorad (Hercules, CA). HiTrapQ columns, MonoP HR5/20 pyffer B (10 mM Bis-Tris propane, 1 mM DTTL M NacCl,
columns, and Polybuffer were from Pharmacia (Uppsala, pH 7.2) eluted the 12-lipoxygenase from the column.
Sweden). Tween-20 and the BCA protein assay kit were Catalase was added immediately to each fraction to a final
purchased from Pierce (Rockford, IL). Ammonium sulfate, concentration of 2g/mL. The fractions were assayed via
ampicillin, Bis-Tris, Bis-Tris propane, chicken egg white type the UV assay, and the active fractions were pooled. These
1I-O trypsin inhibitor, catalase, dithiothreitol, EDTA, and fractions were then concentrated through a Centricon-30
phosphate-buffered saline were from Sigma (St. Louis, MO). device by centrifuging at 5000 rpm at€ for 30 min. The
BWA137C was a gift from Wellcome Research Laboratories concentrated sample was again desalted using an Econopac
(Beckenham, Kent, U.K.). 18f-Hydroperoxyoctadecadi-  10DG column. The sample was then injected onto a MonoP
enoic acid (13-HPODE) was prepared by reacting soybeanchromatofocusing column connected to the FPLC. Load
lipoxygenase-1 with linoleic acid as describad)( All other buffer (25 mM Bis-Tris, pH 6.1) was used to load the protein
reagents were from common suppliers. UV assays wereonto the column while chromatofocusing buffer (10%
monitored using a Hewlett-Packard 8452A diode array polybuffer 74, pH 4.8) was used to elute the protein from
spectrophotometer equipped with a water-jacketed cuvette.the column. EDTA was immediately added to the fractions
Enzyme purifications were performed using an FPLC system to a final concentration of 100M, and the active fractions
from Pharmacia operated at room temperature. This systemyere pooled and stored &80 °C. The enzyme used in these
consists of a GP-250 gradient programmer that controls two experiments had a specific activity of-82«mol min-t (mg
P-500 pumps. of protein) ™. A typical protein purification from 12 flasks

Enzyme PreparatiorThe full-length cDNA for wild-type of 280 mL each yielded approximately 15 mg of purified
porcine 12-lipoxygenase (a generous gift of Shozo Yama- 12-lipoxygenase. Protein concentration was determined using
moto, Tokushima University, Japan) was subcloned from the an Aggo extinction coefficient of 117 210 cdA M1,
pUC-19 plasmid into the pET-20t) expression vector Lipoxygenase Assayl2-Lipoxygenase activity was de-
through a series of subcloning steps. The C-terminal portiontected by monitoring the absorbance at 236 nm of the
of the cDNA was transferred to the expression vector conjugated diene product, B{hydroperoxyeicosatetraenoic
PET20b(t) via aSal/EcoRl digest. The N-terminal portion  acid (12-HPETE). The enzyme reactions included reaction
was transferred into the plasmid pB3ising aXba/EcaoRl buffer [50 mM Tris-HCI, 0.03% Tween 20 (w/v), pH 7.4],
digest. Site-directed mutagenesis was then used to add amrachidonic acid, and enzyme<8 ug). Inhibitor and/or 13-
Agd site to the cDNA through silent mutations. This new, HPODE was added to some assays by 500- or 1000-fold
unique Agd restriction site was used to insert a synthetic dilution from methanol stocks such that the total methanol
cassette at the N-terminus of the gene encoding wild-type concentration did not exceed 0.8% of the reaction volume.
protein but containing aiNdd site at the beginning of the  Reaction was initiated by the addition of enzyme to the
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reaction cuvette followed by mixing. The reaction temper-
ature was 30C, and the final reaction volume was 1 mL.
Total product formation was calculated from the difference
between the greatest and least valuesAgf; using an
extinction coefficient of 23 000 Micm™ (13).

Pseudoperoxidase Assdseudoperoxidase activity was
monitored by following the decrease in absorbance at 236
nm due to the consumption of 13-HPODE. The pseudoper-
oxidase reactions contained enzyme-8ug), reaction
buffer, 13-HPODE, and the reducing agent, BWA137C. The
reaction was initiated by the addition of enzyme followed
by mixing. The reaction temperature was°&) and the final
reaction volume was 1 mL.

Enzyme KineticsEnzyme kinetics were plotted by the
Lineweaver-Burk method using the computer program
Enzyme Kinetics 1.5 (Trinity Software). The velocity data
were obtained by taking the slope of the reaction curve at
the point of maximal reaction velocity. The lag phase was
defined as the intersection of this tangential line at maximal
reaction rate and a horizontal line defining the minimum
absorbance obtained in the reactidd)(

Recaery of OPP from Reaction Mixture€nzyme (2
nmol) was reacted with equimolar amounts (2 nmol) of 13-
HPODE, or OPP, arachidonic acid, or a combination thereof,
for 10 min at 30°C in reaction buffer (0.5 mL). Control
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reactions contained either no enzyme or boiled enzyme. Thercure 2: Effect of OPP on the dioxygenation of arachidonic acid

reactions were stopped by acidification with B0 of 1 N

by 12-lipoxygenase. The reaction conditions were as described for

HCI and were extracted twice with 2 volumes of ether. The the lipoxygenase assay under Materials and Methods. Reactions

ether layer was evaporated undeg. Nhe residue was
dissolved in HPLC solvent, and an aliquot was injected onto
a 4.6 mmx 1.5 cm Zorbax Rx-SIL column (MacMod) and
eluted isocratically with hexane/2-propanol/acetic acid (98.8:

contained 12-lipoxygenase (79 nM), arachidonic aciduMy), and
(A) no inhibitor or (B) 10uM OPP in reaction buffer [50 mM
Tris-HCI, 0.03% Tween 20 (w/v), pH 7.4] and were initiated by
addition of enzyme.

1.2:0.1, v/vlv). The eluate was monitored at 220 nm. The tion of 12-lipoxygenase with OPP in the same syringe for
peak corresponding to OPP eluted at 8 min and was collected10 min was also performed. The reaction temperature was
dried under N, dissolved in methanol, and stored under N 25 °C, and all reactions were monitored for 1 s. Reactions
in a glass vial at-20 °C. The recovery of OPP from the with OPP were also monitored for 50 s to allow completion
enzyme reaction was determined from comparison of the UV of the reaction.
absorbance peak area with known amounts of standard.

Liquid Chromatography/Mass-Spectrometriquid chro- RESULTS
matography/mass-spectrometry was carried out using an HP o ] -
1090 series Il liquid chromatograph interfaced to a Finnigan  OPP Inhibition of the 12-Lipoxygenase Adty. To
TSQ-7000 triple quadrupole mass spectrometer. Electrosprayfacilitate the study of the interaction of OPP with recombi-
ionization (ESI) was carried out using nitrogen as sheath (70 nant porcine leukocyte 12-lipoxygenase, an improved protein
psi) and auxiliary gas (20 psi) to assist with nebulization. A €xpression and purification protocol was employed which
potential of 4.5 kV was applied to the ESI needle. The metal Yielded significantly higher amounts of purified enzyme
capillary was maintained at 208C in order to provide [approximately 4 mg/L vs approximately 23@/L in our
optimal desolvation of the ions generated by ESI. Mass Original system 15)]. The expression of 12-lipoxygenase
spectrometer parameters (Finnigan TSQ-7000) were opti-Using the pET-20bf) vector was performed according to a
mized to obtain maximum sensitivity without sacrificing unit Novel expression protocol developed by Boutaud and Brash
resolution. Collision-induced dissociation was carried out Which has been shown to result in high yields of lipoxyge-
using argon as the collision gas at a pressure of 253 nases 12). The final protem product migrated as a single
Torr in the second quadrupole {Q The skimmer pump  band on SDS-polyacrylamide gel electrophoresis and ex-
pressure was held at 8.47 10 Torr. hibited a specific activity of 812 umol min ! (mg of

Rapid Kinetics Assay€onsumption of 13-HPODE was  Protein)™.
monitored by the decrease in absorbance at 236 nm using OPP potently inhibited the purified recombinant porcine
an Applied Photophysics SX.18MV Stopped Flow Reaction leukocyte 12-lipoxygenase and exhibited ansl©f ap-
Analyzer. Enzyme and substrate were prepared in separatg@roximately 2uM. The effects of OPP on the time course
syringes and combined in equal volumes of approximately of the reaction are shown in Figure 2. OPP increased the
100uL with a mixing time of 2 ms. The reactions contained lag phase for attainment of maximal catalytic activity and
final concentrations of 2M 12-lipoxygenase and 2M 13- decreased the rate of reaction once the lag phase was
HPODE (or 13-HODE as a control) in reaction buffer [50 overcome. Neither effect required preincubation of OPP with
mM Tris-HCI, 0.03% Tween 20 (w/v), pH 7.4]. Preincuba- enzyme before addition of substrate. The increase in lag
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Ficure 3: Effect of OPP on the dioxygenation of arachidonic acid © = - N
by 12-lipoxygenase. (A) Plot of lag phase versus OPP concentration. Time (sec)

(B) Plot of maximal reaction rate versus OPP concentration. The

reaction conditions and definitions of lag phase and maximal rate Ficure 4: Effect of 13-HPODE on the OPP-induced lag in

of reaction were described under Materials and Methods. Reactionsdioxygenation of arachidonic acid. The reaction conditions were
contained 12-lipoxygenase (52 nM) and arachidonic acid«{@) as described under Materials and Methods. Reactions contained 12-
in reaction buffer [50 mM Tris-HCI, 0.03% Tween 20 (w/v), pH lipoxygenase (79 nM), arachidonic acid (4®1), and (A) 10uM

7.4]. The results represent the average of four determinattons OPP and (B) 1&M OPP and 1«M 13-HPODE in reaction buffer
standard deviations. The reactions were initiated by the addition [50 mM Tris-HCI, 0.03% Tween 20 (w/v), pH 7.4]. Both reactions

of enzyme. were initiated by addition of enzyme.

phase and decrease in catalytic rate were concentrationphase 20, 21). Thus, it is possible that the elimination of
dependent (Figure 3). To determine the effect of OPP onthe OPP-induced lag phase in 12-lipoxygenase catalysis
the kinetics of 12-lipoxygenase oxygenation of arachidonic results from hydroperoxide-dependent oxidation of OPP by
acid, maximal rates of reaction were measured over a rangethe ferric enzyme. A corollary of this hypothesis is that the
of concentrations of arachidonic acid in the presence of lag phase induced by OPP corresponds to the time required
increasing concentrations of OPP. The reactions were initi- for OPP oxidation. If this is the case, it should be possible
ated by addition of enzyme. LineweaveBurk plots of the to detect oxidation of OPP at the end of the lag phase or
data suggested that OPP is a mixed-type inhibitor of 12- following addition of 13-HPODE.
lipoxygenase (data not shown). However, the data were of Radiolabeled inhibitor was not available with which to
limited utility because the plot was generated using the monitor metabolism so we used HPLC to analyze extracts
maximal velocities in the enzyme reactions. Due to the OPP- of incubation mixtures for consumption of OPP. To maxi-
induced lag time in most of the reactions, the maximal mize the possibility that OPP was oxidized, we used a
velocity did not correspond to the initial enzyme velocity. stoichiometric equivalent of enzyme to OPP (2 nmol of each).
Figure 4 demonstrates that the fatty acid hydroperoxide Each molecule of enzyme would only have to oxidize one
13-HPODE greatly reduced the lag phase created by OPPmolecule of inhibitor to result in total depletion of OPP.
in the 12-lipoxygenase reaction. A concentration ofu HPLC profiles of extracts of incubation mixtures are shown
13-HPODE virtually abolished the lag phase induced by an in Figure 5. OPP eluted at 8 min, and 13-HPODE eluted at
equivalent concentration of OPP. The corresponding alcohol15 min. These peaks were well-separated from the other
(13-HODE) did not affect the inhibitor-induced lag phase peaks in the chromatographic profile. The profiles demon-
(not shown). These data are consistent with the hypothesisstrate that OPP is not metabolized when incubated with
that OPP functions as a redox-type inhibitor. Addition of enzyme and 13-HPODE. Possible metabolism of OPP also
hydroperoxide would lead to consumption of OPP, thereby was tested in the absence of 13-HPODE, and in the presence
eliminating the lag phase. of arachidonic acid. The recovery of OPP from these reaction
HPLC Analysis of the Reaction between OPP and 12- mixtures was quantitated by HPLC by comparison to known
LipoxygenaseThe non-heme iron of lipoxygenase enzymes amounts of standard. Although the recovery of OPP was
cycles between the ferrous and ferric states during catalysisvariable in the different experiments, no reproducible disap-
(16, 17). In most cases, lipoxygenases are isolated in the pearance of OPP was observed (Table 1). The peak coeluting
inactive, ferrous form following purificatiorl@®), so addition with OPP was collected from the HPLC eluate and analyzed
of oxidants such as fatty acid hydroperoxides activates themby liquid chromatography/mass spectrometry. The mass
by generating ferric enzymel); this eliminates the lag  spectrum of the isolated material was identical to that of
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Ficure 5: Straight phase HPLC of enzyme reaction extracts.

Incubations contained equal amounts of OPP (2 nmol), 13-HPODE . . .
(2 nmol), and (A) boiled enzyme (control) or (B) active enzyme (2 electron to an alkoxyl radical. The alkoxyl radical cyclizes

nmol). The incubations were performed for 10 min at°&in
reaction buffer [50 mM Tris-HCI, 0.03% Tween 20 (w/v), pH 7.4].
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Scheme 1: Pseudoperoxidase Reaction of Lipoxygehases
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Enz-Fe*3..RI

A,

Enz-Fe*?

aEnz-Fé*= ferrous enzyme, Enz-Fe= ferric enzyme, LOOH=
fatty acid hydroperoxide, LO= fatty acid alkoxyl radical, R redox
inhibitor, RI* = oxidized redox inhibitor.
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>

Enz-Fe2e.LOOH

N

LOOH

with the ferrous form of 12-lipoxygenase which inhibited
the activation of the enzyme. Reversibility of the inhibition
by OPP was confirmed in a dilution experiment. The enzyme
(4.6 nM) was assayed in the lipoxygenase assay with a
concentration of OPP (M) resulting in 59% of enzyme
activity. In a second incubation, 46 nM enzyme was
incubated with the same concentration of inhibitor for 1 min
prior to assay. An aliquot was diluted 10-fold for the standard
lipoxygenase assay, and 95% of the enzyme activity was
recovered.

OPP Inhibition of the Pseudoperoxidase A of 12-
Lipoxygenaselt appeared that OPP was inhibiting the
enzyme via a novel mechanism that created a lag phase in
12-lipoxygenase activity that could be overcome by fatty acid
hydroperoxide. An alternative hypothesis to explain inhibition
that does not involve OPP oxidation is that OPP inhibits the
lipoxygenase reaction by preventing enzyme activation by
fatty acid hydroperoxide. This possibility was tested by
investigating the effect of OPP on the pseudoperoxidase
activity of the enzymeZ?2). The pseudoperoxidase activity
of the enzyme arises from oxidation of the ferrous form of
the enzyme by a fatty acid hydroperoxide followed by
reduction of the ferric form of the enzyme by a reducing
agent (Scheme 1). The ferrous and ferric forms of the enzyme
continually cycle to reduce fatty acid hydroperoxide by one

to an epoxy allylic radical that abolishes absorbance at 235
nm (23). Pseudoperoxidase activity was measured by moni-

The recovery of OPP and the HPLC conditions are described U”dertoring the disappearance of the conjugated diene chro-

Materials and Methods. The peak eluting at 11 min is an impurity
in the enzyme preparation.

Table 1: HPLC Recoveries of OPP from Enzyme Incubations

reactants % OPP recovered
blank 91
boiled enzyme control 85
enzyme+ OPP 83
enzyme+ OPP+ 13-HPODE 120
enzyme+ 13-HPODE+ OPP 100
enzyme+ OPP+ arachidonic acid 96

mophore of 13-HPODE in the presence of a known redox-
type inhibitor (BWA137C) 24). Figure 6 illustrates that OPP
inhibited the pseudoperoxidase activity in a dose-dependent
fashion. Thus, OPP did not serve as a substrate for the
pseudoperoxidase activity (i.e., it did not stimulate 13-
HPODE reduction) but inhibited it. This finding contrasts
with observations made with other inhibitors that induce a
lag phase by reducing active enzyme back to the inactive,
ferrous state 18, 25—27). Such inhibitors stimulate the
pseudoperoxidase activity of lipoxygenases rather than inhibit

3 Recoveries were determined by comparison of the UV absorbancethis activity. To examine the kinetic effect of OPP on the

peak area with known amounts of stand@@he enzyme (2 nmol)
was first incubated with OPP (2 nmol) for 5 min before the addition
of 13-HPODE.¢ The enzyme (2 nmol) was incubated with 13-HPODE
(2 nmol) for 5 min before the addition of OPP.

authentic OPP (not shown). Thus, we conclude that 12-

pseudoperoxidase activity of the enzyme, the initial velocities
of the reaction were obtained from the slope of the tangent
to the linear portion of the reaction curve at different 13-
HPODE and OPP concentrations. Lineweayvurk analysis

of the data (Figure 7) suggests that OPP is a competitive

lipoxygenase does not oxidize OPP either in the absence orinhibitor of the activity with regard to 13-HPODE. This is

in the presence of the fatty acid hydroperoxide 13-HPODE.

Reversibility of OPP Inhibition.OPP competition with 13-

consistent with OPP binding to the ferrous form of 12-
lipoxygenase, thereby preventing reduction of 13-HPODE.

HPODE suggested the formation of a reversible complex Because the pseudoperoxidase activity involves both the
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lipoxygenase by OPP. Reaction conditions were as described for ) .

the pseudoperoxidase assay. The substrates of the pseudoperoxidaEéURE 8: Time courses of rapid absorbance changes of 12-
activity were BWA137C (1quM) and 13-HPODE (u«M). The lipoxygenase incubated with various compounds. Enzyme and
consumption of 13-HPODEAgzg) was measured in the absence Substrate were prepared in separate syringes and combined in equal

(a) or in the presence of (b) AM or (c) 10uM OPP. Reactions ~ volumes of approximately 100L with a mixing time of 2 ms.
were initiated by addition of enzyme. Stoichiometric amounts of 12-lipoxygenaseu{) and 13-HPODE

(2 uM) or 13-HODE (2uM) were present initially after mixing.
For reactions with inhibitor, preincubation ofd 12-lipoxygenase
with 10 uM OPP (before stopped-flow mixing) was performed for
10 min. The temperature was 2E&. The absorbance changes at

200 236 nm were monitored (1 cm path length, five consecutive
experiments averaged). Because initial absorbances were slightly
1.507 different due to differences in starting materials, all initial absor-
1N bances were set equal to the initial absorbance @five 12-
1.00T lipoxygenase and 2M 13-HPODE.
0.50T

this interaction, single-turnover stopped-flow experiments
. ' . ‘ were undertaken to ascertain the effect of OPP on 13-HPODE
05 0.05 0.10 0.15 0.20 reduction. Due to the unusually high reduction potential of
1/8] the iron of lipoxygenases as well as the presence of reducing
agents in the purification, lipoxygenases are isolated almost
exclusively in the ferrous form1@, 25). Therefore, an

L . Co incubation of stoichiometric amounts of lipoxygenase and
FiGurRe 7: Lineweaver-Burk plot of pseudoperoxidase inhibition 3-HPODE all . v th ducti 13
assay data with OPP. The substrates of the pseudoperoxidase->- allows one to monitor only the reduction of 13-

activity were BWA137C (1QM) and 13-HPODE. OPP concentra- HPODE without the complication of multiple enzyme forms
tions were @) 2.0 uM, (O) 1.0 uM, (®) 0.5 uM, and (») 0.0. affecting the observed reaction rates.

Reactions were initiated by addition of enzyme. 12-Lipoxygenase was rapidly mixed with 13-HPODE in
a stopped-flow chamber to achieve final concentrations of 2
ferrous and the ferric forms of the enzyme, it is also possible uM each (2 ms dead time). The disappearance of 13-HPODE
that OPP inhibits the pseudoperoxidase activity by binding was monitored by the decline in absorbance at 236 nm.
to the ferric form of the enzyme. Saturating concentrations Reducing agents were omitted from the incubation to prevent
of 13-HPODE would not be able to overcome OPP inhibition reduction of the enzyme after the single reaction of ferrous
because of OPP’s binding to the ferric form of the enzyme. lipoxygenase with 13-HPODE. The time course of 13-
This would manifest itself as a decreased appavigpt for HPODE reduction was rapid and was essentially complete
the pseudoperoxidase activity in the presence of OPP. Figurein 1 s in theabsence of OPP. The time course of the decrease
8 indicates that thé/n.x does appear to decrease in the in absorbance at 236 nm was consistent with a single-
presence of OPP, suggesting that OPP may also bind to theexponential decay. The magnitude of the absorbance change
ferric form of the enzyme. This would account for the fact was 0.026 AU, corresponding to reduction of 57% of the
that all of the curves in the LineweaveBurk plot do not 13-HPODE present. This incomplete reduction of 13-HPODE
intersect they-axis at 1¥max may reflect the presence of ferric enzyme or apoprotein in
OPP Inhibition of 13-HPODE Reduction by the Ferrous the 12-lipoxygenase preparation. We are unable to determine
Form of 12-LipoxygenaseThe data presented thus far the distribution of iron between the ferric and ferrous states
suggest that OPP prevents 12-lipoxygenase activation byalthough the high reduction potential of the enzyme and the
acting as a reversible, competitive inhibitor of oxidation of presence of high concentrations of dithiothreitol in the
the inactive ferrous form of the enzyme to the active ferric purification buffers suggest the enzyme is mainly ferrous.
form. The concentration-dependent increase in lag phase andQuantitation of the iron content indicates that approximately
the competition with 13-HPODE in the pseudoperoxidase 60—75% of the 12-lipoxygenase contains iron in a typical
reaction by OPP strongly suggest that OPP binds to thepreparation. We did not correct the protein concentrations
ferrous form of the enzyme. To obtain direct evidence for in the single-turnover experiments for the apoenzyme content.

-O.W 0
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Preincubation of 4M enzyme with 10uM OPP (con- 600
centrations before mixing) greatly reduced the rate of _ 500- A
reduction of 13-HPODE, providing direct evidence that OPP 3
inhibits the 13-HPODE-dependent oxidation of ferrous 12- < 400
lipoxygenase. Consistent with a role for OPP as a reversible § 300
inhibitor, monitoring the reaction for 50 s revealed that 13- oy
HPODE was eventually reduced to the same extent in the 5 200
presence of OPP as in its absence (not shown). Kinetic 1004
analysis of the reactions indicated that preincubation with
OPP decreased the initial velocity of reduction of 13-HPODE 0 0 5 1o 15 20 25

by approximately 98%. As a control, 12-lipoxygenase

incubated with 13-HODE exhibited no decrease in absor- [OPP] (M)

bance at 236 nm over these time frames. 13-HPODE itself 125
also did not display a decrease in absorbance at 236 nm (not B
shown). - 100
OPP Inhibition of the Ferric Form of 12-Lipoxygenase. % 75
The question remains whether OPP also binds to the ferric 3
form of the enzyme, thereby directly inhibiting arachidonic o\?, 50
acid oxidation. As indicated above, Lineweav@&urk g *
analysis of the inhibition of the pseudoperoxidase reaction 25
by OPP suggests that OPP may also bind to the oxidized 0l ' . . :

form of the enzyme. If OPP binds to the active, ferric form, 0 5 10 15 20 25
a concentration-dependent decrease in the maximal rate of

. . [OPP] (uM)
reaction would be expected. Indeed, a decreased maximal

; ; ; ; At Ficure 9: Effect of OPP on the dioxygenation of arachidonic acid
velocity of arachidonic acid oxidation is observed after the by 12-lipoxygenase in the presence i 13-HPODE. (A) Plot

lag phase is overcome (Figure 3). However, it is possible 4f jag phase versus OPP concentration. (B) Plot of maximal reaction
that the observed decrease in arachidonic acid oxidationrate versus OPP concentration. Reactions contained 12-lipoxygenase

reflects enzyme inactivation that might occur during hydro- (52 nM), arachidonic acid (62M), and no 13-HPODEL) or 5
peroxide reduction associated with elimination of the lag #M 13-HPODE @) and were initiated by addition of enzyme. The

c reaction conditions and definitions of lag phase and maximal rate
phase £8). One-electron oxidation of ferrous enzyme should of reaction are described under Materials and Methods. The results

produce an alkoxyl radical that can cyclize to an epoxyallylic represent the average of four determinatignstandard deviations.
radical 3, 29). An unspecified oxidant derived from the

epoxyallylic radical could inactivate the enzyme. 180

Therefore, we attempted to find experimental conditions
which dissociated the effect of OPP on enzyme activation
from its effect on the maximal rates of reaction. Figure 9
displays the effect of OPP on lag phase and maximal rates
of reaction in the presence and absence@f/613-HPODE.

Total products (% of control)

The OPP-induced lag phase was greatly reduced by the ]

presence of 13-HPODE but still increased in a concentration-

dependent manner with respect to OPP concentration. 0 —_— . .
However, the decrease in maximal rates of arachidonate 0 5 10 15 20 25
oxidation in the presence of 13-HPODE was virtually [OPP] (uM)

identical to the decrease seen in the absence of 13-HPODEFgure 10: Effect of OPP on total product formation by 12-
13-HPODE greatly reduced the OPP-induced lag phaselipoxygenase. Reactions contained 12-lipoxygenase (52 nM),

without affecting OPP’s inhibition of the rate of arachidonic arachidonic acid (6@:M), and no 13-HPODEL) or 5 uM 13-

acid metabolism. These data, in conjunction with earlier HPODE @) and were initiated by addition of enzyme. The reaction

conditions were described under Material and Methods. Total

results, suggest that 13-HPODE is able to shorten the OPP'product formation was calculated from the difference between the

induced lag phase by out-competing OPP for the ferrous formgreatest and least values A using an extinction coefficient of
of the enzyme. However, 13-HPODE does not diminish 23000 M* cm™. The results represent the average of four

OPP’s competition with arachidonic acid for the active, ferric determinationst standard deviations.
form of the enzyme.

OPP Does Not Affect Total Product Formatidh.OPP formation is not significantly affected by OPP in either
acts solely as a reversible, competitive inhibitor, it would circumstance. Therefore, reversible, competitive inhibition
be expected that total product formation would be unaffected seems to account for all of OPP’s inhibitory effects. The
by OPP if the reaction was allowed to go to completion. fact that total product formation is unaltered by OPP also
Therefore, a final experiment was performed to ascertain theargues against increased enzyme inactivation during the lag
effect, if any, of OPP on total product formation. Figure 10 phase that was considered above as a possible alternative
displays the yield of total products formed at different explanation for decreased rates of reaction in the presence
concentrations of OPP in the presence and absencalf 5 of OPP. In addition, it suggests that OPP does not protect
13-HPODE. It is clear from this figure that total product the enzyme from turnover-dependent inactivation.
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DISCUSSION Scheme 2: Lipoxygenase Catalytic Cycle

Many different structural classes of lipoxygenase inhibitors Lo+ OH Enz-Fe*® S LOOH
have been described, but their mechanisms of inhibition fall )/ }AA B
into either a redox or a nonredox category. According to N
the redox mechanism, the inhibitor reduces the active ferric Enz-Fe*2...LOOH Enz-Fe*3w.AA Enz-Fe*2.esAA-Oy*
enzyme to the inactive ferrous form and an oxidized \7\ A \ /{
derivative of the inhibitor is generatetlq, 26, 27, 30). The LOOH 0,
oxidized derivative of the inhibitor either diffuses from the Enz-Fe*? L Enz-Fe*2e..AA:

enzyme or, in some cases, reacts with the enzyme to aThe reactions shown occur in the absence of redox inhibitor. Enz-
irreversibly inactivate it 10, 31, 32). The latter is believed  Fe&" = ferrous enzyme, Enz-fe = ferric enzyme, LOOH= fatty

to account for the irreversible inactivation of lipoxygenases acid hydroperoxide, LO= fatty acid alkoxyl radical, AA= substrate
by acetylenic fatty acid substrate analogues. If the oxidized fatty acid, AA = substrate radical, AA/®= substrate peroxyl radical.
. A : . This scheme is adapted from Desmarais et28).(

derivative of the inhibitor does not covalently modify the

protein, then enzyme inhibition can be reversed by oxidation
of the ferrous form of the lipoxygenase to the active ferric

form. This is accomplished by fatty acid hydroperoxides,

either added exogenously or generated in situ by active
lipoxygenase molecules in solution. Therefore, in the absenc
of covalent modification, enzyme inactivation by redox-type
inhibitors is reversible, and the continued cycle of iron

13-HPODE to inhibit the pseudoperoxidase activity. How-
ever, the kinetics were not cleanly competitive in that in the
presence of increasing concentrations of OPP, all of the
curves at high substrate concentration did not intersect at
€1Nmax This suggests that OPP has other actions on the
enzyme. A detailed kinetic mechanism has not been devel-
reduption a_nd oxidation leads to consumption of inhibitor gﬁ;‘?{g ralreeul;(\)/c;)i/ltaeb:)ép%rl t2hgpgézgggﬁsleé_llbitst()lj(gl;:r(]:ags C;nd
leaving active enzyme. o the reticulocyte 15-lipoxygenase (Scheme 2). Several “sites”
OPP was designed to be a redox-type inhibitor that would f action of OPP in this scheme are possible. Theoretically,
possibly covalently modify 12-lipoxygenase, leading to g of its actions could result from binding to the ferric
irreversible inactivation®). A potentially oxidizable pro-  enzyme which would prevent oxidation of arachidonic acid
pargylic methylene group to an oxygen was positioned  (jinoxygenase activity) as well as inhibit the pseudoperoxi-
nine carbons from the carboxylic acid to mimic the meth- gase activity by preventing the cycling of ferric to ferrous
ylene group at carbon 10 of arachidonic acid that is oxidized enzyme. We do not favor this hypothesis because the data
by 12-lipoxygenase. Substitution of methyl for one of the i Figure 7 suggest that OPP is competitive with 13-HPODE.
methylene hydrogen; signific_antly reduced inhibitory aetiv_ity However, the lack of intersection of all of the curves at. L
(in an enantioselective fashion), and dimethyl substitution 3y indicate that a portion of the pseudoperoxidase inhibition
abolished activity. By contrast, methyl substitution of the Jerives from OPP binding to the ferric enzyme.
benzylic hydrogens did not reduce activityThus, the To probe for the interaction of OPP with the ferrous form
preliminary structure-activity studies supported the hypoth-  of 12-jipoxygenase in the absence of the involvement of
esis that OPP was a redox-type inhibitor. Further support ferric enzyme, we conducted a single-turnover experiment
for this hypothesis was provided by the induction of a in \which 12-lipoxygenase and 13-HPODE were rapidly
concentration-dependent lag phase by inhibitory concentra-mixed in the absence of a reducing agent. The rapid decrease
tions of OPP. The lag phase could be overcome by addition iy ghsorbance at 236 nm indicated that 13-HPODE reduction
of the fatty acid hydroperoxide, 13-HPODE, in amounts \yas rapid and complete within 1 s. Preincubation of enzyme
comparable to OPP. Thus, all of the initial data were jth OPP clearly inhibited 13-HPODE reduction. This
consistent with OPP acting as a redox-type inhibitor. provides direct support for binding of OPP to the ferrous
To confirm this mechanistic hypothesis, OPP was incu- enzyme as an important mode of action. In addition, this is
bated with stoichiometric concentrations of purified 12- the first report of the detection of hydroperoxide reduction
lipoxygenase alone or in the presence of arachidonic acidby a ferrous lipoxygenase in a single-turnover experiment.
or 13-HPODE. Analysis of organic extracts of the incubation A previous attempt to detect single-turnover reduction by
mixtures by HPLC and LC/MS revealed that OPP was not soybean 15-lipoxygenase was unsuccess8). (This may
oxidized and could be recovered quantitatively. This obser- have been due to differences in the enzyme isoform (mam-
vation was inconsistent with OPP acting as a redox-type malian 12-lipoxygenase versus plant 15-lipoxygenase) or
inhibitor and was substantiated by the finding that dilutions differences in the monitoring of hydroperoxide reduction.
of concentrated solutions of 12-lipoxygenase and OPP ledwe employed 236 nm where 13-HPODE absorbance is
to recovery of enzyme activity. A final experiment supported maximal. Even at this wavelength, the spectral changes of
the conclusion that OPP is not a redox-type inhibitor and 13-HPODE reduction are small. Jones et al. monitored
suggested a mechanism to explain its inhibitory action on spectral changes at 250 nm where the sensitivity is signifi-
12-lipoxygenase. Incubation of OPP and 13-HPODE with cantly lower @3).
12-lipoxygenase did not support the decomposition of 13-  The ability of OPP to compete with 13-HPODE for
HPODE according to the pseudoperoxidase activity, which binding to the 12-lipoxygenase active site provides a mech-
is required for a redox-type inhibitor. In fact, Ofthibited anism for the lag phase induced by the inhibitor. OPP is a
the pseudoperoxidase activity supported by the redox-typenonredox inhibitor that prevents the redox changes at the
inhibitor BWA137C. iron center necessary to generate active enzyme. This is the
Kinetic analysis of the pseudoperoxidase reaction in the first time such a role has been described for a non-redox-
presence of OPP suggested that OPP acted competitively withtype inhibitor. As shown in Scheme 2, dissociation of
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Scheme 3: Model of Inhibition of 12-Lipoxygenase by The ability of OPP to prevent the activation of ferrous
OoPP enzyme may be a more general phenomenon among nonre-
Enz-Fe*3...OPP dox inhibitors. Thorough characterization of enzyme
OPPj/ inhibitor interactions is difficult for lipoxygenases because
of the complexity of the kinetics of arachidonic acid

LO* + OH" Enz.Fe+3 LOOH

T

oxygenation even in the absence of an inhibitd4, (35).
Thus, effects of inhibitors on enzyme activation and pseudo-

x peroxidase activity are not routinely monitored. However,
Enz-Fe*2..LOOH Enz-Fe*3...AA Enz-Fe*?w.AA-Op the induction of a lag phase is usually taken as diagnostic
‘7\ A ‘\\ /( information that the inhibitor is redox-type, and, in fact, in
LOOH A 0, many cases examined, the inhibitors support pseudoperoxi-
Enz-Fe*? Enz-Fe*2e..AA" datic reduction of fatty acid hydroperoxid24). In contrast,
/ OPP OPP induces prolonged lag phases but inhibits pseudoper-

w2 oxidase activity.
Enz-Fe™“eeeOPP . .

@ OPP binds to both the ferrous and ferric forms of 12-lipoxygenase. The present r_esglt_s_favor a remtgr_pretaﬂ_on _Of_ the Stme'_:ure
Enz-Fé* = ferrous enzyme, Enz-Be = ferric enzyme, Enz- activity of OPP inhibition. The abolition of inhibitory activity
Fe*t---OPP= ferrous enzyme bound to OPP, EnZFe OPP= ferric by introduction of geminal methyl groups at the propargylic
enzyme bound to OPP, LOOH fatty acid hydroperoxide, LG= fatty carbon was taken as supportive information for oxidation at
acid alkoxyl radical, AA= substrate fatty acid, AA= substrate radical, this position. However, since OPP is not oxidized, the effect
AA/Oy = substrate peroxyl radical. . ! . o

of methylation must relate to preventing binding to the

enzyme. This interpretation is consistent with the absence
substrate radicals from the active site prior to reoxidation of of an isotope effect for inhibition of 12-lipoxygenase by [9,9-
the enzyme to the ferric form generates ferrous lipoxygenase?H,]-OPP and by the absence of time-dependence in its
throughout reactions with both soybean 15-lipoxygenase andinhibitory action. One might anticipate time-dependence if
reticulocyte 15-lipoxygenasd3, 14). A significant fraction OPP was metabolized to a derivative that chemically
of enzyme exists in the ferrous state until sufficient hydro- inactivated the enzymer).
peroxide has been generated by the enzyme to quickly Since OPP exerts two separate actions to inhibit 12-
reoxidize ferrous enzyme. At this point, maximal rates are lipoxygenase activity, it will be interesting to determine if
achieved. The “leakage” back to the ferrous form, if it occurs both effects are mediated by binding to a common site or to
with leukocyte-type 12-lipoxygenase, should serve to mag- separate sites on the enzyme. OPP is competitive with 13-
nify OPP’s effect on the lag phase. Because multiple HPODE binding to the ferrous enzyme and appears to be
oxidation events are necessary to maintain the enzyme incompetitive with arachidonic acid binding to the ferric
the ferric state, OPP will inhibit the oxidation of the enzyme enzyme. Early models of lipoxygenases incorporated more
each time ferrous lipoxygenase is generated. than one lipid binding site to account for the observed

Several pieces of data suggest OPP also binds to the ferrigionlinear kinetics of lipoxygenase8 36-38). However,
enzyme. As stated above, Lineweav8urk analysis of the it has been shown that a simpler, single binding site model
inhibition of pseudoperoxidase activity reveals that the fOr lipoxygenases is sufficient to account for the kinetics of
reciprocal plots of activity in the presence of OPP do not llPoxygenase reactiond 4, 39, 40). In addition, the crystal
intersect Wmax 0N the abscissa. This may be due to Opp Structure of a mammalian 15-lipoxygenase reveals a single
binding to the ferric enzyme. More important is the inhibition Ydrophobic binding site in close proximity to the non-heme
of arachidonic acid oxygenation by OPP after the lag phase "N (41). Therefore, 13-HPODE and arachidonic acid likely
has been overcome. One anticipates that if OPP only bind to the same site on the enzyme. Binding to this common
inhibited lipoxygenase activation, the rate of arachidonate site by OPP would account for.|ts du_al |.nh|b|_tory properties
oxygenation would not be inhibited once the enzyme was without the need to invoke multiple binding sites. Additional

fully active. This is clearly not the case. Even in the presence studies are in progress to test th|§ _hypothe.s_|s..

of concentrations of 13-HPODE that dramatically shorten _There are many examples of position-specific lipoxygenase
the OPP-induced lag, the maximal rate of 12-lipoxygenase Inhibitors. For example, a number of 5-lipoxygenase inhibi-
activity is less than the rate in the absence of OPP. The!0rs have been synthesized that do not inhibit 12- or 15-
decrease in maximal rate is directly dependent on OPP lIPOXygenases42—46). However, OPP is the first example
concentration. At a given concentration of OPP, the maximal of a molecgle that dlscrlmlnate§ between two isoforms of a
rate achieved is the same whether or not the enzyme isposnu_)nal lipoxygenase. OPP is apprommately_ 3 orders of
activated by 13-HPODE addition. These experiments indicate magnitude more potent on leukocyte-type 12-lipoxygenase
that OPP inhibits the oxygenation of arachidonic acid by the than on platelet-type 12-lipoxygenase).(Now that the
active ferric form of 12-lipoxygenase. Thus, OPP exerts two meChar.”S”.‘ of enzyme '”h'b'“or? by OPP has been _estab—
effects that combine to make it an effective inhibitor of 12- !|shgd, I W.'" b.e interesting to define Fhe structural 'baS|s for
lipoxygenase (Scheme 3). It competes with fatty acid its discrimination between the two lipoxygenase isoforms.
hydroperoxide to prevent the activation of ferrous enzyme, ACKNOWLEDGMENT

and it competes with arachidonic acid to prevent its

oxygenation by the ferric enzyme. This dual effect may  We thank S. Yamamoto for the clone of porcine leukocyte
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