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The enzyme lipoxygenase plays an important role in polyun-
saturated fatty acid metabolism in plants and animals. In cir-
culating blood cells, lipoxygenase inaugurates the biosynthesis of
the leukotrienes, a family of mediators of medically relevant
biological activities.! The enzyme has received considerable
research attention from chemists in recent years. Lipoxygenase
catalyzes a stereospecific autoxidation reaction and has been used
in the preparation of synthetically useful chiral moieties.2 The
enzyme also contains an unusual non-heme iron atom in an as
yet unidentified structural environment.> The role of the iron
atom in catalysis has become the focus of recent studies of the
mechanism of action of lipoxygenase. In this report, we present
a definitive test of whether or not the iron atom cycles between
its two most common oxidation states during catalysis by the
combined application of EPR and Mdssbauer spectroscopy.

The lipoxygenase-1 from soybeans has been available in a highly
purified form for some time, and the majority of physical /chemical
studies have been carried out on this species.* The two current
hypotheses for the mechanism of lipoxygenase catalysis are il-
lustrated in Scheme 1.5 The active form of the enzyme contains
iron in the ferric state (vide infra). Removal of hydrogen at C-11
as an element of the rate-determining step was clearly indicated
by a primary kinetic deuterium isotope effect.* Hydrogen atom
abstraction with reduction of the iron would result in formation
of a pentadienyl radical as an intermediate. This mechanism was
proposed to account for the fact that active enzyme when treated
with substrate linoleic acid in the absence of oxygen lost its
characteristic EPR signal at g = 6. The hypothesis is also
consistent with other indications that the mechanism involves
free-radical intermediates.? Recently an alternate mechanism
has been proposed in which electron transfer to the iron does not
take place.” The alternate mechanism involves an organoiron
intermediate in place of the pentadienyl radical and iron(II).

Lipoxygenase-1 isolated from soybean seeds and referred to
as the native enzyme contains iron(II) in a non-heme environment.
This has been demonstrated by magnetic susceptibility,'® para-
magnetic NMR effects,!! EXAFS,'?2 and MCD.!* When the
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Figure 1. Mossbauer spectra of two product-oxidized lipoxygenases
before and after treatment with substrate anaerobically: (A) oxidized
P1; (B) oxidized P1 plus substrate anaerobically; (C) oxidized P4; (D)
oxidized P4 plus substrate anaerobically. The spectra were taken at 125
K with no applied magnetic field. The spectra all have the same vertical
scaling factors. The reference for all measurements was iron metal at
room temperature.
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enzyme is treated with 1 molar equiv of its product, it is converted
into an iron(I1I)-containing species which is responsible for ca-
talysis. The iron(III) is characterized by an EPR signal at g =
6 which is sensitive to a number of environmental factors.'* Upon
anaerobic treatment with substrate, the active enzyme is converted
into a form that has no g = 6 EPR features and has a magnetic
susceptibility consistent with high-spin iron(I1)."* The direct
observation of the iron atom in lipoxygenase by Maossbauer
spectroscopy which is sensitive to both electronic states and ligand
environments has not until recently been possible. We have
succeeded in obtaining soybean lipoxygenases enriched in the
nonnatural isotopes of iron. This was accomplished biosynthet-
ically by the tissue culture of immature soybean seeds in the
presence of isotopically enriched iron.'® The incorporation of
iron-57 has made it possible to investigate the iron atom in lip-
oxygenase in the difficult to characterize iron(II) states by
Méssbauer spectroscopy.'’
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Figure 2. EPR spectra of the Mossbauer samples (Figure 1) of two
product-oxidized lipoxygenases before and after treatment with substrate
anaerobically: (A) oxidized P1; (B) oxidized P1 plus substrate anaero-
bically; (C) oxidized P4; (D) oxidized P4 plus substrate anaerobically.
The spectra were taken at 40 K, with modulation amplitude = 0.63 mT
and microwave power = 10 mW, and represent one 4-min scan each. The
spectra all have the same vertical scaling factors.

Samples of two lipoxygenases which had been converted from
the native to the iron(III) form and were subsequently treated
with linoleic acid in the absence of oxygen were analyzed by
Massbauer and EPR spectroscopy.’® The results of these ex-
periments are presented in Figures 1 and 2. The isolation pro-
cedure we employ provides two lipoxygenases simultaneously:
lipoxygenase-1 (P1) which is active at pH 9 and another isoenzyme
active only near neutral pH which we operationally refer to as
P4." Both native lipoxygenases have Massbauer parameters
which are typical for high-spin iron(II), /Fe = 1.10 mm s™ and
AEq = 3.08 mm s™.20 The active enzyme was generated by
treatment with 1 molar equiv of product (9Z,11E)-13-hydro-
peroxy-9,11-octadecadienoic acid.?! This species does not give
a well-defined Méssbauer signal under the reported conditions,
but can be readily identified by the EPR spectrum of the corre-
sponding Méssbauer sample (Figure 2). When either isoenzyme
was treated with linoleic acid anaerobically, iron with Massbauer
parameters characteristic of high-spin iron(II) was obtained: PI,
6/Fe = 1.23 mms™, AEq = 2.12 mm s™!; P4, 5/Fe = 1.24 mm
s”l, AEq = 2.54 mm s™! (Figure 1). The Massbauer sample from
Figure 1D was subjected to iron determination by atomic ab-
sorption spectroscopy and iron isotope ratio determination by mass
spectrometry.??> The integrated intensity of the Mdssbauer
spectrum in Figure 1D accounts for at least 75% of the iron-57
found to be in the sample. The data are consistent with a
mechanism for catalysis in which lipoxygenase iron goes from the
iron(II1) to the iron(II) state as linoleic acid is oxidized presumably
to a pentadienyl radical intermediate. It is interesting to note that
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the Mdssbauer parameters of the substrate-treated enzyme were
significantlly different from those of the native enzymes. This
is direct evidence that oxidation and substrate binding alter the
coordination sphere of the iron atom relative to the native enzyme.
Also, the parameters for the two isoenzymes which had been cycled
by product and substrate were significantly different from each
other. This is consistent with our earlier hypothesis that the
isoenzymes may act by similar yet distinguishable catalytic
mechanisms.?
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While the hydrolyses of DNA and RNA can be followed by
monitoring changes in their UV absorption spectra, the hydrolyses
of biological polyanions lacking a chromophore must be accom-
plished indirectly. Both radiolabeling techniques and coupled
enzyme systems are used frequently as indirect methods for en-
zyme assay. We now report that the activity of hydrolytic enzymes
acting on the polyanions heparin and polyglutamate can be
monitored by fluorescence using a template directed excimer
formation effect obtained with anthrylpolyamine conjugate
probes.!

Anthrylpolyamines 1-4 were prepared via simple substitution
reactions using conditions similar to those reported previously.2?
The full emission spectra of anthrylpolyamines 1-4 (all 1 pM)
were collected during titration with ds DNA, ss DNA, heparin,
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and poly-L-glutamate;* representative titration data from the
monitoring of compound 3 at 422 nm are shown in Figure 1.°
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(3) The products were isolated as their HCI salts via a series of aqueous
and organic extractions and purified on a column of neutral alumina.
Characterizations of 1-4 using 'H NMR, *C NMR, and high-resolution FAB
mass spectrometry were supportive of the structural assignments.

(4) DNAs (calf thymus), heparin (bovine mucosa), and poly-1-glutamate
were purchased from Sigma Chemical Company and used as received. All
titl;ations were performed at pH 5.0 in 0.1 M NaOAc buffer with 0.05 mM
EDTA.
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