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Abstract: Lipoxygenases (LOs) are non-heme iron containing enzymes which catalyze the hydroperoxidation of
polyunsaturated fatty acids. Mammalian LOs have great physiological and pathological importance as they play
key roles in the biosynthesis of leukotrienes and lipoxins. Electron paramagnetic resonance (EPR) studies have
shown that ferric active sites of soybean lipoxygenase-1 (SLO-1) and human 5-lipoxygenase (5-HLO) exhibit axial
EPR patterns which convert to rthombic spectra upon addition of hydroperoxide product (13-HPOD). In this report,
we extend EPR studies to rabbit (15-RLO) and human (15-HLO) mammalian 15-LOs. The spectra of 15-RLO and
15-HLO have rhombic high-spin ferric EPR signals which convert to axial upon interaction with product, opposite
to the behavior reported for SLO-1 and 5-HLO, which is indicative of a significant structural difference between the
ferric sites of these mammalian 15-LOs and those of SLO-1 and 5-HLO. This appears to relate to the substitution
of an asparagine ligand in the SLO-1 and 5-HLO active sites for a histidine ligand in the rabbit and human 15-LOs.
A ligand field model of the zero-field splitting is presented which accounts for this opposite EPR spectral behavior
in terms of ligand strength differences associated with the Asn (weak) — His (strong) ligand substitution.

Introduction

Lipoxygenases (LOs) are a class of non-heme iron containing
enzymes which catalyze the dioxygenation of polyunsaturated
fatty acids which contain one or more 1.,4-cis,cis-pentadiene
units to yield hydroperoxide products. LOs are found in both
plants and animals. Mammalian LOs have great physiological
and pathological importance as they play key roles in the
biosynthesis of leukotrienes and lipoxins.! In mammals, 5-, 12-,
and 15-LOs are distinguished by their insertion of dioxygen at
the indicated carbon position of arachidonic acid. LOs contain
one iron atom per molecule, and the iron has been identified as
the center of enzymatic activity. The iron in the isolated resting
form of LOs is in the ferrous oxidation state and must be
oxidized to the ferric state to activate the enzyme.

Ferrous soybean lipoxygenase-1 (SLO-1, a 15-lipoxygenase)
has been studied by various spectroscopic techniques which have
suggested that the active site geometry is five- and/or six-
coordinate distorted octahedral>~7 Two X-ray crystal structures
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have been reported: Boyington ef al. have described the iron
active site as four-coordinate,® while Minor et al. have identified
five ligands.® Recent low-temperature crystallographic results
by Minor et al. to 1.6-A resolution suggest that water is also a
ligand,'? bringing the total coordination number to six. In terms
of amino acid ligands to the iron, the two published structures
have identified Hisago, Hissos, Hisego, and Ilegsg (through the
C-terminus carboxylate) as residues coordinated to the active
site iron. The Asneo4 residue is also found to be a ligand in the
Minor et al. structure with a relatively long bond length. Of
these ligating amino acids, the three histidine residues and
C-terminal isoleucine are conserved in all sequenced LOs.!! The
asparagine is also conserved with few exceptions;!2~!3 these
exceptions include rabbit and human 15-lipoxygenases where
this asparagine is substituted by histidine.'5!” It is important
to note that human 5-lipoxygenase (5-HLO) does not have this
substitution.!!
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Ferric Active Sites of Mammalian 15-Lipoxygenase

Extended X-ray absorption fine structure (EXAFS)* and
magnetic circular dichroism (MCD)'® studies have described
the ferric SLO-1 active site as six-coordinate with hydroxide*
as the sixth ligand, and electron paramagnetic resonance (EPR)
isotope studies support the presence of a water-based ligand.'®
Ferric active sites of SLO-1 and 5-HLO have also been studied
by EPR and absorption spectroscopies.'$202! Both ferric SLO-1
and 5-HLO exhibit multicomponent axial EPR patterns with
dominant signals centered in the g = 6 region and an optical
absorption band at 350 nm. The axial EPR signal of SLO-1
converts to a rhombic signal at g = 4.3 upon addition of >1
equiv of the hydroperoxide product, 13-(S)-hydroperoxy-9,11-
(E,Z)-octadecadienoic acid (13-HPOD).2%22 This EPR conver-
sion is also associated with the growth of an absorption band
at 580 nm (i.e., formation of the purple form). It was suggested
that product is directly bound to the iron and that the purple
color of this ferric—product complex is due to a peroxide—Fe3*
charge transfer transition.!$23

The non-heme ferric active site is high-spin d°> with a A,
ground state that undergoes zero-field splitting (ZFS) according
to the spin Hamiltonian in eq 1, where D is the axial and E is

S=DIS} — SS+ D31+ ES; - 582 ey

the rhombic ZFS parameter. For axial complexes (E/D = 0),
solution of the spin Hamiltonian gives three doublets, Mg =
+1/5, +3/5, £5/,, which are split by 2D and 4D, respectively. In
this case, an axial EPR signal arises from the Mg = +!/, doublet
with gy = 2.0 and g, = 6.0. For complexes at the rhombic
limit (E/D = /), three equally spaced doublets, separated by
an amount Z = 3.5D, are obtained. A large EPR signal is
derived from the middle doublet as it has an isotropic g-value
of ~4.3; there is also a weak highly anisotropic signal for the
lower doublet with one g-value of ~9.6 and two of ~0.7. The
doublet splitting, and therefore the ZFS parameter D, can be
obtained through the temperature dependence of the EPR signal,
and the E/D ratio is obtained from the ground-state g-values.
Variable-temperature MCD and EPR spectroscopies have been
used to obtain the ZFS parameters of the ferric SLO-1 active
site, and the relation of these spin Hamiltonian parameters to
molecular properties has been developed using ligand field (LF)
theory. 8

In this study, dramatically different EPR behavior is observed
for the oxidized rabbit reticulocyte 15-lipoxygenase (15-RLO)
and human recombinant 15-lipoxygenase (15-HLO) relative to
SLO-1 and 5-HLO, which is thus indicative of a significant
structural difference between the ferric site of these mammalian
15-LOs and those of SLO-1 and 5-HLO. We have applied a
LF analysis of the ZFS parameters'® to the mammalian LO
systems to gain insight into the observed opposite EPR spectral
behavior in terms of ligand field differences associated with a
possible Asn—His ligand substitution.

Experimental Section

15-RLO was isolated from 55% ammonium sulfate precipitate of
rabbit reticulocytes, with specific activity of ~15 unit/ug (unit = mM
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(19) Nelson, M. 1. J. Am. Chem. Soc. 1988, 110, 2985.

(20) Veldink, G. A.; Vliegenthart, J. F. G. Adv. Inorg. Biochem. 1984,
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product/min), according to previously published procedures.* The
15-RLO used for EPR studies was in 10 mM bis-Tris, 0.2 M NaCl,
pH = 6.8 buffer. 15-HLO was purified from a baculovirus/insect cell
expression system as described earlier.”® Purified 15-HLO was
concentrated and buffer exchanged into 20 mM phosphate, 0.2 M NaCl,
pH = 7.0 buffer using an Amicon concentrator with a YM30 membrane.
The specific activity of 15-HLO was 5—10 units/ug. The specific
activities of 15-RLO and 15-HLO are comparable to or higher than
the maximal values reported.?? The metal content was determined
by atomic absorption analysis using a Perkin-Elmer Model 2380
graphite furnace AA spectrometer. The average iron content was 70
+ 10% Fe/enzyme for 15-RLO and 55 + 10% Fe/enzyme for 15-HLO.
The native enzyme was treated with 13-HPOD to produce the ferric
forms for EPR studies. 13-HPOD was purchased from Oxford
Biochemical Research and added to the enzymes after the ethanol
solvent had been evaporated. Addition of a stoichiometric amount of
product to both enzymes did not decrease their specific activity.

EPR spectra were obtained on a Bruker ER 220-D SRC spectrometer,
equipped with a Lake Shore cryotronics temperature controller Model
DTC-500 and an Air Products Liquid Transfer Heli-Tran Refrigerator
dewar. The temperature was measured with a carbon glass resistor
mounted in a EPR tube. The UV/vis absorption spectra were recorded
on a Hewlett Packard HP 8452A diode array spectrophotometer at room
temperature. The amount of EPR-visible iron in an enzyme sample
was determined by EPR quantitation against a ferric EDTA standard.
Fe(IINEDTA was prepared by the addition of excess sodium EDTA to
ferric chloride in a 50% glycerol solution. The EPR spectra of 15-RLO
and ferric EDTA standards for spin quantitation were recorded at 7.8
K with microwave power of 1.01 mW and modulation amplitudes of
20 and 10 G, respectively. EPR parameters for the 15-RLO spectra
shown were as follows: temperature, 7 K; microwave frequency, 9.52
GHz; power, 10.1 mW; modulation amplitude 20 G; gain, 3.2 x 10
The EPR parameters for the 15-HLO spectra shown were as follows:
temperature, 7 K; microwave frequency, 9.52 GHz; power, 10.1 mW;
modulation amplitude 12.5 G; gain, 2.5 x 10*. Spin quantitation and
temperature dependence data were collected under non-power-saturation
conditions which were determined by power vs intensity tests. The
intensity factor g,* was calculated using eq 6 of Aasa and Vinngard.?’
To account for the thermal population of the three Kramers doublets,
ZFS parameters were determined by measuring the temperature
dependence of the EPR amplitude since the line width of the EPR signal
did not appear to broaden in the temperature range used. The ZFS
parameters obtained were used to determine the Boltzmann population
of each doublet. The program SIM 1528 was used to simulate 15-RLO
EPR spectra for spin quantitation purposes.

Results and Analysis

The EPR spectrum of resting 15-RLO isolated from rabbit
reticulocytes is mainly EPR-silent, as shown in Figure la,
indicating that the iron is in the reduced ferrous form even in
air, which is consistent with results on other LOs.22! The
observed sharp EPR signals positioned at g = 6 and 6.5 are
due to a small amount of heme contaminant present in the
sample.? Addition of 13-HPOD hydroperoxide product to
ferrous 15-RLO results in an EPR signal at g = 4.3 which is
proportional to the amount of 13-HPOD used up to 1 equiv,
indicating that the ferrous center in the active site has been
oxidized to the EPR-active ferric form. The EPR spectrum of
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contrast to the other EPR signals.
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Figure 1. Low-temperature (7 K) EPR spectra of 15-RLO and
15-HLO: (a) resting ferrous 15-RLO (20.8 mg/mL) in 10 mM bis-
Tris, 0.2 M NaCl, pH = 6.8 buffer; (b) 15-RLO sample from spectrum
a treated with 1.1 equiv of 13-HPOD; (¢) 15-RLO sample from
spectrum b after the addition of 1.5 equiv more of 13-HPOD; (d)
15-HLO (17 mg/mL, in 20 mM phosphate, 0.2 M NaCl, pH = 7.0
buffer) treated with 1.3 equiv of 13-HPOD; and (¢) 15-HLO sample
from spectrum d after the addition of 2 equiv more of 13-HPOD.
Inset: Ferric 15-RLO EPR spectrum obtained by subtracting spectrum
a from spectrum b (bottom) and its simulation (top).

15-RLO with the addition of 1.1 equiv of 13-HPOD (Figure
1b) shows a large g = 4.3 signal and an additional weak signal
at g &~ 9.5. This EPR pattern is characteristic of a high-spin
ferric center with rhombic site symmetry (estimated |E/D| =
0.32) which is in sharp contrast to those of SLO-1 and 5-HLO
(IE/D| ~ 0).%° The growth of the g = 4.3 EPR signal of 15-RLO
is accompanied by an increase in absorption intensity at 350
nm (¢ = 3000 M~! cm™!, Figure 2b) relative to the absorption
spectrum of the native ferrous enzyme (Figure 2a). This
increased intensity at 350 nm is similar to the absorption
behavior of ferric SLO-1?° and 5-HLO,?! for which this band
has been assigned as a His—Fe®* charge transfer transition.!8

To determine the amount of EPR-visible iron in oxidized
15-RLO samples, ferric EDTA was used as a standard for spin
quantitation since it also exhibits an EPR signal at g = 4.3,
The EPR spectra of ferric 15-RLO and ferric EDTA taken under
the same conditions were double integrated in the range of
0—3000 G (eliminating an impurity contribution at g = 2). The
ratio obtained was used directly to estimate EPR-active iron as

(30) There is a small feature in the g = 2 region due to Mn contamination
(not shown). It should be noted that the EPR intensity in the g = 7 region
also increases with the addition of ~1.1—1.3 equiv of product and appears
to arise from a fraction of oxidized sites which also have product bound
(vide infra).
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Figure 2. Room temperature absorption spectra of (a) ferrous 15-RLO,
(b) ferrous 15-RLO treated with 1.1 equiv of 13-HPOD, and (c) ferrous
15-RLO treated with 2.5 equiv of 13-HPOD. (The asterisk indicates a
contribution from a heme impurity.)

the EPR spectra of both samples exhibit a similar temperature
dependence. From these quantitations it was determined that
80 + 10% of the iron in 15-RLO + 1.2 equiv of 13-HPOD is
EPR active.

Quantitation of the axial and rhombic EPR signal of 15-RLO
is complicated by the fact that these two signals are spread over
a large range, overlap, and have multiple components. These
problems can be overcome by EPR simulations,?!-731:32 which
were used to quantitate the spin population of signals in the
rhombic and axial regions. The EPR spectrum of ferric
15-RLO, with the ferrous 15-RLO background subtracted out,
and its simulation® are shown in the inset of Figure 1. Because
there are multiple components in both the axial and rhombic
regions, two axial doublets and three g & 4.3 rhombic doublets,
plus an additional anisotropic lower doublet for the rhombic
species, were required for the simulation. The relative weights
used in the simulation reflect the relative populations of the
EPR-active species present. To account for the spin population
of all three Mg doublets, the temperature dependence of the axial
and rhombic signals was measured to obtain the ZFS parameters.
For the axial species, the average ZFS was determined to be D
= 0.3 £ 0.2 cm™'. For the thombic g = 4.3 signal, the energy
difference between doublets (Z) is 3.5 £ 0.7 cm™!, giving |D|
~ 1.0 cm™'. These ZFS parameters were used to calculate the
Boltzmann population distributions of the three doublets, and
the spin population was corrected accordingly. It was deter-
mined that the rhombic signal accounts for 75 £+ 15% of the
total EPR-active iron and that the axial signal accounts for 25
=+ 15% of the total population. This rhombic-to-axial ratio is
also produced by the double integration of the spectra obtained
by subtracting out the axial and rhombic simulations, respec-
tively.

When 1.5 equiv more of 13-HPOD is added to oxidized
15-RLO, the sample turns purple, similar to the behavior

(31) Slappendel, S.; Veldink, G. A.; Vliegenthart, J. F. G.; Aasa, R.;
Malmstrém, B. G. Biochim. Biophys. Acta 1981, 667, 77.
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64, 773.
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width; g,, width): iron #1 (30.0; 2.0, 30.0; 6.0, 90.0; 6.0, 90.0); iron #2
(180.0; 1.88, 30.0; 4.55, 100.0; 7.33, 100.0); iron #3 (50.0; 4.297, 55.0;
4.297, 55.0; 4.297, 55.0); iron #4 (50.0; 4.41,120.0; 4.15, 180.0; 4.27, 60.0);
iron #5 (80.0; 4.30, 300.0; 4.30, 300.0; 4.30, 300.0); iron #6 (750.0; 1.03,
20.0; 1.64, 30.0; 9.20, 70.0). The simulation shown is not necessarily unique.
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observed for SLO-1. This purple color gradually decays at both
4 °C and room temperature (1,2 & 5 min). The EPR spectrum
of the purple form of 15-RLO (Figure 1c) exhibits new intense
signals at g = 7.2 and 5.5 with a large reduction in the g = 4.3
signal relative to the 1:1 oxidized form (Figure 1b),3* demon-
strating that the rhombic ferric center has been converted to a
nearly axial site with a small rhombic distortion, |E/D| < 0.06
based on spin Hamiltonian calculations. As shown in Figure
2c, this purple form is associated with an absorption band at
~580 nm (¢ = 2400 M~! cm™!), as has also been observed for
SLO-1, indicating the same type of ferric—peroxide product
interaction for both LOs.

The recombinant 15-HLO active site has also been studied
using EPR and absorption spectroscopies. When treated with
1.3 equiv of 13-HPOD, ferrous 15-HLO turns yellow and
exhibits an increase in absorption at 350 nm, consistent with
other LOs. The EPR spectrum of this yellow form of 15-HLO
(Figure 1d) exhibits a large signal at g = 4.3 and a weak signal
at g = 9.5,%0 demonstrating that ferric 15-HLO, similar to ferric
15-RLO, has an active site with rhombic effective symmetry.
Addition of a 2.0-fold further excess of 13-HPOD to the
oxidized 15-HLO sample results in a darker solution, whose
color disappears within seconds. The dark color is associated
with the formation of a ferric enzyme—product complex similar
to that observed for SLO-1 and 15-RLO. The EPR spectrum
of this 15-HLO—product complex (Figure le) shows increased
intensity in the g = 6.6 region and an intensity decrease of the
g = 4.3 signal,* indicating that the ferric active site has been
converted from rhombic to axial upon coordination of the
13-HPOD product. This EPR behavior is opposite to that
observed for SLO-1 and 5-HLO, but it parallels the behavior
of 15-RLO.

Discussion

From the EPR studies presented above, dramatic differences
are observed between the ferric active sites of rabbit and human
15-LOs vs plant 15-LO and human 5-LO. The oxidation of
native ferrous SLO-1 to the ferric form produces axial EPR
signals in the g &~ 6 region. Addition of a 2-fold excess of the
hydroperoxide product 13-HPOD converts the active site from
axial to rhombic symmetry. 20 Alternatively, oxidation of rabbit
and human 15-LOs results in a rhombic Fe3* site with a g =
4.3 EPR signal.®> Addition of a 2-fold excess of product to
both ferric mammalian 15-LOs results in a purple complex with
a new absorption band at 580 nm, which has also been observed
for the product complex of SLO-1. The mammalian ferric
15-LO—product complex, however, exhibits an EPR signal in
the g & 6.0 region, indicating that product coordination has
caused the rabbit and human 15-LO sites to convert from
rhombic to axial symmetry.

In earlier studies,!'®3¢ we have used variable-temperature
MCD and EPR spectroscopies to obtain the ZFS parameters of
non-heme ferric sites and have developed the ligand field origins
of the ground-state ZFS based on the Griffith model.*” This
methodology can now be applied to the active sites in 15-RLO

(34) Note that the purple form of lipoxygenase is unstable and that the
EPR intensity distribution between rhombic and axial signals varies
depending on the amount of product used and the time of freezing after the
addition of product, and from purification to purification.

(35) There have been two reports on the EPR spectra of rabbit
lipoxygenase which suggest that ferric 15-RLO exhibits multicomponent
EPR features in the axial g = 6 region similar to those of SLO-1 and 5-HLO
(Boyington et al. Ann. N.Y. Acad. Sci. 1995, 744, 310. Carroll et al. Lipids
1993, 28, 241). In these two studies, the ferric 15-RLO sample may have
been partially converted to its purple form, which has an axial EPR signal.

(36) Gebhard, M. S.; Deaton, J. C.; Koch, S. A.; Millar, M.; Solomon,
E. L J. Am. Chem. Soc. 1990, 112, 2217.

(37) Griffith, J. S. Mol. Phys. 1964, 8, 213.
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and 15-HLO (15-R/HLO to represent both mammalian enzymes)
and to SLO-1 (as representative of both SLO-1 and 5-HLO) to
correlate EPR behavior with active site structure. The ZFS
parameters D and E of the A, ground state derive from spin—
orbit coupling to a low-lying “T;(tx*!') excited state which is
split in energy due to the less than octahedral symmetry. D
and E can be calculated from eqs 2 and 3,'8 respectively, where

G 2] K’ K}

10 |ECT, @) CECT0)  ECT,0)

_ (CFe3+)2[ Ky2 sz

E= —
10 |ECT, 00  ECT,(0)

3

Cres+ is the one-electron spin—orbit coupling parameter for ferric
iron (Zre+ = 430 cm™!) and E(*Ty(i)) are the energies of the
orbital components of the low-symmetry split *T; excited state
which spin—orbit couples to the ®A; ground state. «; are
reduction factors related to covalency and have been defined
elsewhere.!® Because anisotropic covalency was found to have
limited effect on the ZFS parameters for distorted octahedral
ferric complexes,'® we treat the covalency as isotropic (k; = &,
= k;). The energies of the *Ty(i) orbital components for
octahedral or square-pyramidal complexes are given by eq 4.8

E(T,(9)) = ECT,(cubic)) + %(a + %u + %a) (4a)
. o 1.3 3
E(T,()) = E(T (cubic)) + §(a + 2 = 50.) (4b)

E(*T,(z)) = E(*T,(cubic)) — %(6 + %u) (4c)

E(*T(cubic)) is the average energy of the transition from the
A ground state to the low-lying *T; excited state (due to the
octahedral ligand field plus electron repulsion) and has been
estimated to be ~7200—11 400 cm™! for distorted octahedral
ferric sites.!® The “Ty(i) energies depend on the one-electron
d-orbital splittings through the parameters J, y, and o, which
are defined as 0 = (E(dx) — E(dy))/2 — E(dy), u = E(ds—y2)
— E(dp), and o = E(d,;) — E(dx,) and are depicted in Scheme
1. Thus, given the d-orbital energies under a specific ligand
field and the average ®A;—*T, transition energy, the ZFS
parameters D and E can be calculated for a given ferric site.

The LF model developed by Companion and Komarynsky3#
was used to obtain the one-electron d-orbital energy splitting
for ferric SLO-1, ferric 15-R/HLO, and their product-bound
(purple) forms. The four idealized LO sites shown in Figure 3

(38) Companion, A. L.; Komarynsky, M. A. J. Chem. Educ. 1964, 41,
257.
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Figure 3. Iron active site coordination models of SLO-1 (left) relative
to rabbit and human 15-LOs (right) based on spectroscopic studies,”**7
crystal structures,*” and amino acid sequence comparisons.'®'” The iron
is represented as a black ball, nitrogen ligands as shaded balls, and
oxygen ligands as white balls; the size of the ligands indicates their
proposed relative LF strengths (larger balls for stronger ligand fields).

are based on spectroscopic studies,”*%7 crystallographic infor-
mation,*” and amino acid sequence comparisons.'®!'” LF
calculations were performed by treating the more covalent
ligands, such as histidine, as strong-field ligands and varying
the LF strengths of the other ligands accordingly. The d-orbital
energies obtained from these calculations are inserted into eq 4
to obtain the *T, component energies, which then give the ZFS
parameters D and E through eqs 2 and 3. Figure 4 shows the
resulting *T(i) energies, D values, and |E/D)| ratios for each of
the four LO sites in Figure 3.%

In agreement with experimental EPR results,'®?0 these
calculations predict an axial site (|E/D| = 0.02) and a positive
D for ferric SLO-1. This axial symmetry arises from the
asparagine ligand being a very weak-field ligand, creating a
weak tetragonal axis along the Asngos—Fe—Hissgs direction
(defined as the z-axis) and Cy, effective site symmetry*’ (Figure
3, upper left). Evidence for a weak asparagine bond comes
from the ferrous SLO-1 crystallographic studies which show
this residue as either bound to the metal with a long bond
length”'” or not bound at all.® The weak z-axis causes a large
splitting of the “Ti(z) from the *T(x,y) components and
overcomes small ligand field differences in the xy-plane so that
the d.- and d,- orbitals are not very split (small o). This causes
the “T\(x) and *T\(y) to be relatively close in energy and
produces a small |E/D| ratio (see Figure 4a).*' The positive
value for D arises from the d.> orbital being lower in energy

(39) Ligand field parameters (a, 04) (cm™') for d-orbital energy
calculations: Hisag9.504.690 (19200, 6400), Ilegzo (16704, 5568), OH (16512,
5504), Asneges soybean (5760, 1920), His mammalian (17280, 5760), ROO~
soybean (22080. 7360) and mammalian (23040, 7680). The x-, y-, and
z-axes were defined along the Hisago. Hiseso, and Hissos directions using a
right-handed coordinate system. Parameters for ZFS calculations: E(*T)-
(cubic)) = 9000 cm™!, £ = 430 cm™!, and x? = 0.81.

(40) We use the term “effective symmetry” to indicate that although the
protein sites have low rigorous symmetry, they are close to higher effective
symmetry models which allow additional insight. For example, while the
upper left structure in Figure 3 has C; rigorous symmetry, the fact that the
Asn has a very weak ligand field relative to the other ligands results in a
site with approximately Cs, symmetry, indicating an axial system.
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Figure 4. Calculated energies of the *T)(x,y,z) orbital components,
|E/D| ratios, and D values for (a) ferric SLO-1, (b) the purple (i.e..
product-bound) form of SLO-1, (¢) ferric 15-R/HLO. and (d) the purple
form of 15-R/HLO. The z-axis is defined along the Asngs/His—Fe—
Hissgs direction for a—c and along the ROO—Fe—Hisgo direction for
d (see Figure 3). The SLO-1 product—enzyme complex (b) and ferric
15-R/HLO (c) are at the rhombic limit; therefore, no sign is given for
the ZFS.

than the d.2-> orbital.'® Product coordination to produce the
purple form of SLO-1 results in an additional covalent ligand
(based on the low-energy product—Fe*" charge transfer transi-
tion) trans to one of the histidines, which lowers the effective
site symmetry to C,,. This is shown in Figure 3, lower left,
where the hydroxide has been replaced with an alkylperoxide
group. The LF strength of ROO™ is expected to be much
stronger than Ile in the xy-plane (where z is still defined along
the Asngos—Fe—Hissos direction) and thus induces a rhombic
distortion on the tetragonal site. In this case, the d,. and d,-
orbitals are split by a large amount (large @), and the “T,(x)
and “T)(y) levels are no longer close in energy, producing a
rhombic site with |E/D| = (.33, as shown in Figure 4b. The
value of D obtained for the purple form of SLO-1 is on the
order of that calculated for the ferric enzyme, in agreement with
EPR results.'$:20

Correlating SLO-1 to 15-R/HLO, the asparagine ligand is
substituted for a histidine in the amino acid sequence.'®'” The
histidine substitution would put a more covalent ligand in place
of the weak-field asparagine ligand (Figure 3, upper right). The
new His ligand should have a LF strength stronger than, but
comparable to, those of Ile and OH in the xy-plane, keeping z
defined along the Fe—Hissos bond. Similar LF strengths along
x, y, and z produce a rhombic site with C», effective symmetry.
The calculations show that the “T(i) energies are equally spaced
(Figure 4c¢), giving |E/D| = 0.33, and that D is reduced relative
to that of ferric SLO-1, in qualitative agreement with experi-
mental results. Coordination of the hydroperoxide product
results in a complex with five strongly covalent ligands (Figure
3, lower right). The new ROO™ ligand should have a stronger
LF strength than the other ligands and produce a strong

(41) In the calculations shown, Asnegs was given 30% of the LF strength
of the three conserved His ligands; however, an axial site is also predicted
for asparagine LF strengths up to 70% of the histidine LF strength. Removal
of this asparagine ligand altogether still results in a unique weak direction
along the Fe—Hissgs bond.
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tetragonal axis along the ROO—Fe—Hisgy direction (now
defining a new z-axis) to give Cy, effective symmetry. This
arrangement results in a more axial site, |E/D| = 0.13 (see Figure
4d), which is consistent with the EPR changes. Note that
although the value of D for the product-bound forms of
15-R/HLO was not explicitly determined from the EPR data,
the calculations indicate a negative D since d;2 is higher in
energy than d,2_,»'8 for the strong axial alkylperoxide system.
It is surprising to find an axial site in a non-heme iron center
because of the mixed ligation and low symmetry of such
systems. However, the above calculations provide insight into
the axial symmetry found for ferric SLO-1, showing that it is
the result of a unique weak-field direction, associated with a
long, weak 'Asn bond, which overcomes other smaller LF
differences. Substitution of this asparagine (Asngos) with
histidine makes all ligands similar to each other in a low-
symmetry site and logically produces a rhombic system for
15-RLO and 15-HLO. The SLO-1 hydroperoxide product—
enzyme complex exhibits an intense low-energy charge transfer
transition, indicating a covalent ligand with a strong ligand field.
The combination of this strong ROO™ ligand with the weak
Asn ligand produces a rhombic site for the SLO-1 product—
enzyme complex. For the hydroperoxide product—enzyme
complexes of 15-RLO and 15-HLO, the ROO™ ligand creates
a unique strong direction which overcomes other small sym-
metry differences and results in a more axial site. Thus, these
results are consistent with an Asngos—His substitution in the
rabbit and human 15-LOs and the hydroperoxide product
forming a reasonably strong covalent bond to the iron site.
While the above LF structural model of the active sites and
the absorption spectra of purple 15-RLO and SLO-1 suggest
the same mode of product coordination to the iron for plant
and mammalian LOs, mechanistic similarities are also implied
as the ferric enzyme—product complex has been proposed to
be an intermediate in the reaction mechanism.*> However, since
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histidine is a much stronger ligand and a better electron donor
to the iron center, the Asngos—His substitution should lower
the redox potential and thus stabilize the ferric oxidation state
of the active site in rabbit and human 15-LOs relative to SLO-1.
If reduction of the ferric enzyme is required for catalysis as
has been suggested in some proposed mechanisms,*? the stability
of ferric 15-R/HLO would lower the activity of the mammalian
enzymes relative to SLO-1. In fact, 15-RLO and 15-HLO have
comparable K, values, but lower Vi, values relative to those
of SLO-1,26434 consistent with the increased stability of the
15-R/HLO ferric sites which would occur due to His substitu-
tion. Asnegos—His SLO-1 and the corresponding His—Asn
human 15-LO mutants are presently being explored to system-
atically investigate the geometric and electronic structure
differences described above and their relation to reactivity.*
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