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ABSTRACT: In wild-type soybean LO-1 (WT sLO-1), Asn694 is a weak sixth ligand that is thought to be
critical for enzymatic catalysis. In this investigation, N694G sLO-1 was studied to probe its contribution
at this sixth ligand position to the kinetic and spectroscopic properties. Thekcat value of N694G is∼230
times lower than that of WT sLO-1 at 25°C, which can be partially explained by a lowered reduction
potential of the iron as seen as a shift in the visible ligand-to-metal charge-transfer band (λmax ) 410 nm
for N694G andλmax ) 425 nm for WT sLO-1). This conclusion was supported by a faster rate of oxidation
of N694G by the product than that of WT sLO-1 (k2 ) 606 s-1 for N694G andk2 ) 349 s-1 for WT
sLO-1). These results suggest a stronger ligand at the active site iron than the native Asn694, which is
confirmed to be a water bound to the Fe(II) in the crystal structure. This produces a six-coordinate circular
dichroism/magnetic circular dichroism (CD/MCD) spectra for ferrous N694G and an intermediate rhombic
electron paramagnetic resonance (EPR) signal for ferric N694G. The EPR spectrum and its pH dependence
suggest that the coordination environment of ferric N694G contains one hydroxide and one water. On the
basis of both kinetic and structural factors, we propose that the Asn694 water-derived ligand would likely
be a hydroxide and the active site, water-derived ligand a water in the ferric state, hence lowering the
reaction rate of N694G more than would be expected from the lowered reduction potential alone.

Lipoxygenase (LO) is a mononuclear, non-heme iron
dioxygenase that catalyzes the incorporation of molecular
oxygen into a 1,4-cis,cis-pentadiene fatty acid to form
hydroperoxide products. In plants, soybean LO isoform-1
(sLO-1)1 oxygenates linoleic acid (LA) with positional
specificity to produce 13(S)-hydroperoxy-9(Z),11(E)-octa-
decadienoic acid [13-(S)-HPOD], which is a precursor to
potent signaling molecules in growth regulation (1) and
wound response (2). In humans, the lipoxygenase products
are members of the eicosanoid family and are implicated in
asthma (3), heart disease (4), and various cancers (5).

LO catalyzes the addition of molecular oxygen by substrate
activation rather than O2 activation (6). In the generally
accepted mechanism (Scheme 1), the inactive, ferrous
enzyme (resting LO) reacts with 13-(S)-HPOD to generate
the catalytically active ferric enzyme [called yellow LO due
to a ligand-to-metal charge-transfer (LMCT) band (λmax ∼
425 nm)] (7, 8). The catalytic cycle then begins with the

Fe(III)-OH- species abstracting thepro-S hydrogen atom
from the 1,4-cis,cis-pentadiene fatty acid substrate to form
a pentadienyl radical and the Fe(II)-OH2 intermediate
(Scheme 1) (9, 10). A large, temperature-independent kinetic
isotope effect (KIE) has been reported for sLO-1 to be∼80
(11) and for human 15-LO (15-hLO) to be∼50 (12, 13),
indicating that cleavage of the C-H bond is the rate-
determining step. The substrate radical reacts with O2,
delivered via an oxygen channel (14, 15), generating a
peroxyl radical, which is reduced as a result of a hydrogen
atom transfer from the Fe(II)-OH2 species, to produce the
hydroperoxide product and the Fe(III)-OH- form of the
enzyme. Finally, the purple LO species, named for the
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poxygenase, 13-(S)-HPOD-bound Fe(III) enzyme; Fe(II)‚HPOD, com-
plex of Fe(II) and 13-(S)-HPOD; N694G, mutation of Asn694 to
glycine; LA, linoleic acid; AA, arachidonic acid; 13-(S)-HPOD, 13-
(S)-hydroperoxy-9(Z),11(E)-octadecadienoic acid (the principle oxida-
tion product of LA); 13-(S)-HODE, 13(S)-hydroxy-9(Z),11(E)-octa-
decadienoic acid (the reduced oxidation product of LA); 9-(S)-HPOD,
9(S)-hydroxy-9(E),11(Z)-octadecadienoic acid; 9-(S)-HODE, 9(S)-hy-
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scission; kobsd, observed pseudo-first-order rate constant;kcat, rate
constant for product release;kcat/Km, rate constant for substrate capture;
KIE, primary kinetic isotope effect;kH
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cat, KIE for kcat; (kH

cat/Km)/
(kD

cat/Km), KIE for kcat/Km.
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peroxide-to-Fe(III) charge-transfer band (λmax ) 580 nm),
can be formed by addition of excess 13-(S)-HPOD to yellow
LO; however, it is unclear if this species is generated during
catalysis.

The crystal structures of two soybean lipoxygenases,
sLO-1 (16) and sLO-3 (17), and one rabbit 15-lipoxygenase
(18) (15-rLO) have been reported. Five residues that serve
as ligands for the iron-binding site have been shown to be
highly conserved across plant and mammalian lipoxygenases;
however, a key difference arises in the sixth amino acid
ligand of the active site. In most plant lipoxygenases,
mammalian 5-LOs, and murine/human platelet 12-LOs, the
sixth ligand is Asn (19). In the remaining 12-LOs and
reticulocyte 15-LOs, however, the ligand is His (19).
Additionally, sequence comparison shows the ligand to be
a Ser in 15-hLO-2 (20, 21) and in mouse 8-LO (22). This
difference in coordination has continued to be of interest in
our labs because of its relationship with enzyme activity.

WT sLO-1, with an Asn ligation, is the best characterized
lipoxygenase, both kinetically and spectroscopically. Utiliz-
ing MCD, it was determined that Asn694 was highly flexible
and the Fe(II)-Asn bond could vary in length depending
on the experimental conditions (23). In particular, the ferrous
form of the enzyme exists as a 60:40 mixture of five- and
six-coordinate species, with the Asn varying between bound
and unbound. However, when a substrate (linoleic acid) or
an inhibitor (oleic acid) was added, the coordination environ-
ment changed to 100% six-coordinate, suggesting a structural
connection between the active site and the Asn694 ligand
(23, 24). This hypothesis of a structural connection between
the active site and the iron coordination environment was
confirmed by mutating a hydrogen bond network (Gln495,
Gln697, and Asn694), which affected the ability of substrate
binding to change the iron coordination and subsequently
enzyme activity (25, 26).

The importance of Asn694 in sLO-1 was also confirmed
when the Asn was mutated to His (N694H). The ferrous
MCD of N694H manifested only a six-coordinate species,
not a mixture of five- and six-coordinate species, due to the

strong ligation of the histidine (24). In addition, the ligation
of the His reduced the reactivity of sLO-1, due to a decrease
in its reduction potential and hence a lowered rate of
hydrogen abstraction. It should be noted that this His ligation
is found naturally in 15-hLO, whose decreased activity
relative to that of 15-sLO was previously proposed to be
due to its lowered reduction potential (27).

In our study, we further examine the role of Asn694 in
sLO-1 by performing kinetic, spectroscopic, and structural
investigations of point mutant Asn694Gly sLO-1 (N694G),
which possesses a coordination environment different from
that of WT sLO-1 and manifests a dramatically lowered
enzymatic activity.

MATERIALS AND METHODS

Materials. LA was purchased from Aldrich Chemical Co.,
and perdeuterated linoleic acid (LA-D31) was purified from
a mixture of perdeuterated algal fatty acids from Cambridge
Isotope Labs, as previously described (24). All commercial
fatty acids were repurified using a Higgins SemiPrep Haisil
(25 cm × 10 mm) C-18 column. Solution A was 99.9%
MeOH and 0.1% acetic acid, while solution B was 99.9%
H2O and 0.1% acetic acid. An isocratic elution of 85% A
and 15% B was used to purify all fatty acids, and they were
stored at-80 °C for a maximum of 6 months. All other
chemicals were reagent grade or better and were used without
further purification.

Mutagenesis, OVerexpression, and Purification of Li-
poxygeanse.Site-directed mutagenesis, overexpression, and
purification of WT and N694G followed a protocol outlined
previously (24). In brief, following expression of the protein
in BL21-DE3 (Escherichia coli), the cells were harvested
by centrifugation and their membranes were disrupted by
sonication. Cell debris was pelleted, and the supernatant was
first dialyzed against 20 mM Bis-Tris buffer (pH 6.0) and
then applied to a SP-Sephadex high-flow ion exchange
column (Pharmacia), which was equilibrated with the same
buffer. Eluted fractions containing lipoxygenase activity were
pooled, concentrated, dialyzed against 20 mM Bis-Tris buffer
(pH 6.0), and applied to a Macro-Prep 25-S ion exchange
column (Bio-Rad). After concentration and buffer exchange
into 0.1 M borate (pH 9.2), the isolated enzyme was
estimated to be greater than 90% pure (SDS-PAGE). The
iron contents of all lipoxygenase enzymes were determined
on a Finnegan inductively coupled plasma mass spectrometer
(ICP-MS) using internal standards of Co(II)-EDTA, and
data were compared with standardized iron solutions.

Enzyme ActiVation Kinetics. Activation kinetics were
assessed as previously described (8, 28). Briefly, kinetic
measurements of the enzyme activation were performed
under pseudo-first-order conditions (with the enzyme as the
minor component) using a DX‚17MV Applied Photophysics
spectrofluorometer equipped with a 150 W xenon arc lamp
light source and a 320 nm cutoff filter. The oxidation of
ferrous N694G and WT sLO-1 was observed as a temporal
change in the fluorescence emission above 320 nm (λex )
280 nm). The assay samples were∼2 µM enzyme (WT or
N694G) over a range of 40µM to 2.5 mM 13-(S)-HPOD in
a mixed buffer (25 mM Tris, 25 mM Ches, and 25 mM Caps
buffers, 50 mM ionic strength, pH 9.2, and 25°C). To
determineKD andk2 values, kinetic runs were performed at

Scheme 1: Lipoxygenase Mechanism
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seven different concentrations of 13-(S)-HPOD; each peusdo-
first-order rate constant (kobsd) was the average of five
determinations. The stopped-flow apparatus was rinsed with
HNO3, KOH, and water periodically to prevent kinetic
artifacts from enzyme buildup.

Steady-State Kinetic Measurements.Steady-state kinetic
values were determined by following the formation of the
conjugated product at 234 nm (ε ) 2.5 × 104 M-1 cm-1)
with a Perkin-Elmer Lambda 40 spectrophotometer. No
photodegradation of the product was observed. All kinetic
measurements were standardized to iron content. The assay
samples were 2 mL in volume with substrate concentrations
ranging from 1 to 100µM and were constantly stirred with
a rotating magnetic bar. A stock solution of LA was prepared
in 95% ethanol and diluted into buffer so that the total ethanol
concentration was less than 1.5%. Fatty acid concentrations
were verified by allowing the enzyme reaction to proceed
to completion and quantitating the conjugated product at 234
nm. Higher substrate concentrations were avoided due to the
formation of micelles, which would alter the free substrate
concentration (29). Initial rates (up to the first 15% of the
reaction) for each substrate were fitted to the Michaelis-
Menten equation using KaleidaGraph (Synergy) and errors
determined. All subsequent kinetic measurements were
handled in a similar fashion. Kinetic measurements were
determined at pH 9.2 in a mixed buffer (25 mM Tris, 25
mM Ches, and 25 mM Caps buffers) at 25°C. The total
ionic strength was adjusted to 50 mM via the addition of
NaCl. The temperature was controlled using a circulating
water bath and jacketed cuvette system.

Kinetic Isotope Effect. The KIE values were determined
by comparing steady-state results using pure protio and pure
perdeuterated LA substrate and should be differentiated from
competitive KIE values where there is a mixture of proteo
and deutero substrate in the same reaction flask. Steady-
state KIE values were determined by following the formation
of the conjugated product at 234 nm, as discussed above,
and these experiments were carried out in 0.1 M borate buffer
(pH 9.2) with the temperature-controlled circulating water
bath and jacketed cuvette system. For protonated LA,≈120
nM N694G was used, and for the D-LA,≈340 nM N694G
was used for each assay (normalized to iron content).

Reaction Rates at Varying O2 Concentrations.Reaction
rates of N694G were determined by measuring oxygen
consumption on a Clark oxygen monitor as previously
described (30). Reactions were carried out as a function of
oxygen concentration in 1 mL solutions, which were
constantly stirred and thermostated to 20°C. The reaction
was initiated by the addition of≈50 nM N696G (normalized
to iron content) via a gastight Hamilton syringe to the
reaction chamber. The experiments were repeated at a
number of different concentrations of oxygen, established
by passing mixtures of N2 and O2 over stirred solutions in
the reaction chamber for 20 min. The new oxygen concentra-
tion was calibrated against the value of O2 dissolved in an
air-saturated solution at 20°C (288 µM O2). The rate of
oxygen consumption was recorded at O2 concentrations from
5 to 300µM.

Enzymatic Product Analysis.Oxidation products were
produced by reaction of LA with sLO-1 and N694G. The
reactions were quenched with glacial acetic acid to pH 3,
and the mixtures were exhaustively extracted with ethyl

acetate, reduced to the alcohol with trimethyl phosphite, and
evaporated to dryness (12). The samples were then recon-
stituted into methanol and injected into a Thermo Finnegan
LTQ-ESI apparatus, and the parent peak atm/z 295 frag-
mented with a collision energy of 35 eV. These spectra were
subsequently compared to standard curves of 13(S)-hydroxy-
9(Z),11(E)-octadecadienoic acid [13-(S)-HODE] and 9(S)-
hydroxy-9(E),11(Z)-octadecadienoic acid [9-(S)-HODE] (pur-
chased from BIOMOL) and their relative percentages
determined by comparing the unique peak for 13-(S)-HODE
at m/z 179 against the unique peak for 9-(S)-HODE atm/z
171.

UV-Vis Absorption and CD Spectroscopies.The UV-
vis absorption spectra were recorded on a Perkin-Elmer
Lambda 40 monochronometer. Spectra were recorded in 0.1
M borate (pH 9.2) at an ionic strength of 0.1 M (adjusted
with NaCl) at 4°C. CD absorption spectra were obtained
using an Aviv 60DS spectropolarimeter in 0.1 M borate (pH
9.2). CD spectra were baseline corrected by subtracting the
buffer and cell background from the raw data. Titrations were
performed by the addition of 1 equiv of 13-(S)-HPOD to
0.6 mL of lipoxygenase (20 mg/mL).

CD and MCD Spectroscopy.Near-infrared (600-2000
nm) CD and MCD data were recorded on a Jasco J-200D
spectropolarimeter with a liquid N2-cooled InSb detector and
equipped with an Oxford Instruments SM4000 7 T super-
conducting magnet/cryostat capable of fields ofe7 T and
temperatures ofg1.5 K. The N694G CD sample (∼1.8 mM)
was exchanged into deuterated CHES buffer (50 mM, pD
9.2) and kept at 5°C during data collection with a circulating
cooling bath attached to the sample holder. Glycerol-d3 was
added at 60% (v/v) to the N694G/Fe(II) solution for
preparation of the MCD sample, and CD spectra were
recorded with and without glycerol addition to ensure that
the site was unaffected by the glassing agent (note that no
change in the CD spectrum due to glycerol was observed).
CD spectra were corrected for buffer and cell baselines by
subtraction. Low-temperature MCD data were obtained in
custom-made cells consisting of two Infrasil quartz disks
separated by a 0.3 cm thick neoprene O-ring spacer into
which the sample was injected and secured between two
copper plates. The MCD spectrum was corrected for the
natural CD and zero-field baseline effects caused by strain
in the glasses by averaging the positive and negative field
data at a given temperature [i.e., (7 T-7 T)/2].

EPR Spectroscopy.EPR measurements were performed
on a Bruker ESP-500E spectrometer equipped with a dual-
mode X-band cavity and an Oxford Instruments ESR-900
helium flow cryostat. HAM (M. Hendrich, Carnegie Mellon
University, Pittsburgh, PA) was used for data manipulation
and EPR spectral simulation, as described previously (24).
In brief, the signals were fit with an effectiveS) 1/2 model
which uses ag-dependent line width and properly accounts
for field-dependent transition probabilities. The temperature
dependence was also fit with this program using the standard
Boltzmann equation. The amount of EPR-active Fe(III) in
the protein samples was determined relative to an Fe(III)-
EDTA standard. A 100µM Fe solution was made from a
1000 ppm iron standard (Fischer Scientific), with addition
of a 10-fold excess of EDTA in 25% glycerol. The EPR
spectra were recorded at a modulation frequency of 100 kHz
and at microwave frequencies of∼9.63 GHz. Precise
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microwave frequencies were recorded for individual spectra
to ensure preciseg-alignment. Other EPR parameters are
specified in the figure legends.

Crystallization and Data Collection. Crystals of N694G
were grown and cryoprotected as previously described (16,
25). The 100 K data were collected at the Structural Biology
Center beamline 19BM at Argonne National Laboratory
(Argonne, IL) and processed with HKL2000 (31). The
N694G crystal was monoclinic in theP21 space group with
the following unit cell parameters:a ) 92.88 Å,b ) 92.84
Å, and â ) 90.7°. The structure of native soybean lipoxy-
genase-1 (PDB entry 1F8N) was used as an initial model.

Crystallographic Refinement. Refinement of the mutant
structures was performed with REFMAC (32), O (33), and
COOT (34). For Rfree calculations, a subset of 5.1% reflec-
tions was used (35). During the refinement, the occupancies
of the ferrous ion and its coordinating water molecules were
adjusted to 0.7 as for previous LO mutants (25). This resulted
in an average displacement factor of the iron-coordinating
atoms (27 Å2), which is similar to the value of the Fe(II)
displacement parameter (29 Å2) and closer to the averageB
factor for all atoms of the structure (Table 1). PROCHECK
(36) and MOLPROBITY (37) were used for structure
validation. Residues Val312, Asn534, and Ser560 have
unusual backbone conformations, as observed for other LO
mutants (25). The coordinates and structure factors were
deposited in the Protein Data Bank as entry 1Y4K. Super-
positions of molecules or their fragments were carried out
using LSQKAB (38) from the CCP4 package (39). Figures
were prepared with PyMOL (40).

RESULTS AND ANALYSIS

Protein Purification and Kinetic Determinations

N694G and WT sLO-1 were purified with yields of 2-4
mg/L, with metal contents of 50( 10 and 80( 5%,
respectively. The activation of N694G and WT sLO-1 can

be described by eq 1:

where the termKD will be used as previously defined:KD

) KM, since (k-1 + k2)/k1 ) KM and k-1 . k2 (41, 42).
N694G and WT sLO-1 exhibited saturation curves consistent
with formation of the oxidized ferric enzyme [yellow LO,
Fe(III)-OH-]. Using nonlinear regression methods, the
dissociation constant (KD) and the rate constant (k2) were
determined for N694G and WT sLO-1. 13-(S)-HPOD binds
to N694G with aKD of 41 ( 5 µM, which was comparable
to that of WT sLO-1 (39( 14 µM). The rate of oxidation
of the iron center for N694G was twice that of WT sLO-1
(k2 ) 606 ( 18 and 349( 31 s-1, respectively). TheKD

and k2 values for WT sLO-1 differ slightly from our
previously reported values, presumably due to differences
in buffer composition (8).

The steady-state parameters,kcatandkcat/KM (Table 2), were
determined at 25°C; thekcat value of N694G was∼230 times
lower than that of WT sLO-1, while thekcat/KM value was
∼45 times lower. The KIE data indicate similar mechanistic
rate-limiting steps for N694G and WT sLO-1. TheDkcat of
N694G exhibited temperature independence (averageDkcat

) 37 ( 3), over the range of 15-37 °C (Supporting
Information). Although the magnitude of the KIE is lower
than that observed for previous mutants (24, 25), the
magnitude of theDkcat is much larger than semiclassical
theory predicts (KIE) 7-10) and is consistent with a
tunneling mechanism for hydrogen atom abstraction (43).
A large, temperature-independentDkcat is also seen for WT
sLO-1, indicating hydrogen atom abstraction is fully rate
limiting (44). The analysis ofDkcat/KM was hampered by high
errors due to extrapolation from the steady-stateKM values;
however, the overall trend indicates a slight temperature
dependence, with a maximum of 44( 19 at 37°C. The
data for N694G are comparable to our previous data for
N694H, which manifested a largeDkcat/KM of 60 ( 9 at 30
°C (24).

The kinetic parameters at varying O2 concentrations were
analyzed at saturating LA concentrations (5KM) at 20 °C
(Table 2). Thekcat(O2) was determined to be 0.71( 0.01 s-1

for N694G, which is in good agreement with thekcat values
determined spectrophotometrically (Table 2) and∼320-fold
lower than thekcat(O2) for WT sLO-1 (230( 15 s-1) (15).
There was no decrease in the rate between 5 and 260µM
O2, which indicates that theKM(O2) is less than 1µM O2 and
therefore thekcat/KM(O2) value is g0.7 µM-1 s-1. For WT

Table 1: Data Collection and Refinement Statistics for N694Ga

data collection
wavelength (Å) 1.0311
resolution range (Å) 50.00-1.95
no. of unique reflections 60260
Rmerge 0.044 (0.333)
completeness (%) 95.9 (91.0)
average redundancy 2.8 (2.7)
averageI/σ(I) 21.3 (3.1)

refinement
resolution (Å) 33.00-1.95
no. of unique reflections 56381
completeness (%) 96.1 (91.0)
R (%) 18.0 (20.5)
Rfree (%) 23.2 (28.3)
no. of non-H atoms 7191
no. of water molecules 676
rmsd for bond lengths (Å) 0.019
rmsd for bond angles (deg) 1.68
rmsd for torsion angles (deg) 6.49
averageB factor (Å2) 28.84
Ramachandran plot

residues in the most favored region (%) 90.7
residues in additional allowed regions (%) 9.2
residues in disallowed regions (%) 0.1

a The data for the highest-resolution shell (2.02-1.95 Å) are reported
in parentheses.

Table 2: Comparison of Kinetic Parameters for WT, N694G, and
N694H sLO-1a

kcat
b (s-1)

kcat/KM
b

(µM-1 s-1)
kcat(O2)

c

(s-1)
kcat/KM(O2)

c

(µM-1 s-1)

WT 266 (22) 18 (5) 230 (15)d 7.5 (0.9)d

N694G 1.17 (0.02) 0.4 (0.2) 0.71 (0.01)g0.7e

N694H (24) 10 (2) 2.5 (1.1) ndf ndf

a Numbers in parentheses represent errors as determined from
replicate determinations.b Data were collected at 25°C. c Data were
collected at 20°C. d From ref15. e KM(O2) too low to be measured (e1
µM). f Not determined.

Fe2+-OH2 + HPODy\z
k1

k-1
Fe2+‚HPOD98

k2

Fe3+-OH + unknown product (1)
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sLO-1, thekcat/KM(O2) ) 7.5( 0.9µM-1 s-1 [KM(O2) ) 30 (
4 µM-1 s-1] (15), which is 11-fold higher than that for
N694G; however, due to the limitations of theKM(O2)

experiment, these values could be closer.
WT sLO-1 is known to oxidize LA with high regio

resolution. Accordingly, the chemically reduced, hydroper-
oxide products of both WT sLO-1 and N694G were analyzed
by MS/MS, and the ratio of 13-HPOD to 9-HPOD was
approximately 97:3, consistent with published results (45).
This result indicates that the bound substrate is similar to
that of WT sLO-1 and is not inverted as seen at low pH,
which increases the 9-HPOD concentration relative to that
of 13-HPOD (45).

Spectroscopy and Crystallography

Fe(III) Site.Oxidation of N694G was accompanied by an
increase at approximately 400 nm (Figure 1b), due to the
LMCT band, characteristic of the yellow species [Fe(III)-
OH-] (24). UV-vis CD spectroscopy resolved the LMCT
feature from the large protein envelope and revealed a
distinct, well-resolved band, with a maximum at 410 nm
(Figure 2). This LMCT band is higher in energy than WT
sLO-1 (425 nm), which is consistent with a decrease in the
reduction potential of the iron, relative to WT sLO (24). The
∆ε value was corrected for iron content and is comparable
in magnitude to that of WT sLO-1 (∆ε ) 1.50 M-1 cm-1

for N694G and∆ε ) 1.45 M-1 cm-1 for WT sLO-1).

Addition of excess 13-(S)-HPOD to N694G produced the
purple species [Fe(III)-13-(S)-HPOD], which is due to a
peroxide-to-Fe(III) LMCT (Figure 1c) (46). N694G exhibited
a maximum at 590 nm (ε ) 1750 M-1 cm-1), while WT
sLO-1 exhibited a maximum at 595 nm (ε ) 1510 M-1 cm-1)
(24). Previously, our labs reported a maximum at 580 nm (ε

) 1550 M-1 cm-1) for WT sLO-1 under different buffer
conditions (28), indicating a buffer dependence of this
LMCT.

The EPR spectrum of as-isolated N694G (150µM iron)
in a frozen solution at 4 K exhibited a weakg ∼ 4.3 signal
(data not shown). The low intensity of this signal represents
less than 1% of the total iron and indicates that the enzyme
is mostly in its ferrous state. Addition of 1 equiv of 13-(S)-
HPOD to ferrous N694G oxidized the iron to the catalytically
competent yellow, ferric species. Yellow N694G at pH 9.2
(0.1 M borate and ionic strength of 0.1 M) exhibited a
complex multicomponent EPR signal with pronouncedg ≈
4.3, 6, and 7 features (Figure 3a). In the analysis of the EPR
spectrum of yellow N694G (pH 9.2), theg ≈ 6 signal had
axial symmetry (E/D ) 0), theg ) 7 signal had intermediate
rhombicity (E/D ) 0.05), and theg ) 4.3 signal had rhombic
symmetry (E/D ) 0.33). These features indicate that the
yellow N694G form at pH 9.2 contained no less than three
species: axial (E/D ) 0, gx, gy, and gz ) 6, 6, and 2,
respectively), intermediate rhombicity (E/D ) 0.05,gx, gy,
andgz ) 7.0, 4.0, and 1.9, respectively), and rhombic (E/D
) 0.33, gx, gy, and gz ) 4.3, 4.3, and 4.3, respectively).
Addition of an additional 3 equiv of 13-(S)-HPOD generated
the purple species at pH 9.2 (0.1 M borate and ionic strength
of 0.1 M) with a different EPR spectrum with three, major
g ≈ 4.3, 5.0, and 7.0 features (Figure 3e). The multicom-
ponent spectrum of purple N694G (pH 9.2) was comprised
of the same three species as the yellow enzyme form, one
major signal (E/D ) 0.05,gx, gy, andgz ) 7.0, 5.0, and 1.9,
respectively) and two minor signals withE/D values of 0.33
and 0, respectively, but in different ratios. The yellow and

FIGURE 1: UV-vis absorbance spectra of (a) ferrous N694G
(- - -), (b) yellow N694G (s), and (c) purple N694G (‚‚‚) at 4
°C. Samples were corrected for iron content.

FIGURE 2: CD spectra of yellow WT sLO-1 (‚‚‚) and yellow N694G
(s) at 4 °C. Samples were corrected for iron content.

FIGURE 3: EPR spectra of N694G: (a) yellow form, 0.1 M borate,
pH 9.2; (b) simulation with 64( 6% intermediate rhombicity, 28
( 3% axial, and 8( 2% rhombic; (c) yellow form, 0.1 M Tris,
pH 7.2; (d) simulation with 76( 7% intermediate rhombicity, 18
( 2% axial, and 6( 2% rhombic; (e) purple form, 0.1 M borate,
pH 9.2; and (f) simulation with 96( 2% intermediate rhombicity,
2 ( 1% axial, and 2( 1% rhombic. Experimental parameters for
all spectra: concentration, 150µM Fe(III); ionic strength, 0.1 M;
temperature, 4 K; field set, 4000 G; scan range, 8 kG; time constant,
82 ms; modulation amplitude, 8 G; microwave power, 200µW;
frequency, 9.63 GHz; and gain, 60.
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purple species were also generated at pH 7, to determine
any pH dependence. The EPR spectrum of yellow N694G
at pH 7.2 (0.1 M Tris and ionic strength of 0.1 M) contained
the same three species as at pH 9.2, except the relative
amount of the axial species atg ) 6 is decreased (Figure
3c). The spectrum of purple N694G at pH 7.2 was identical
to the spectrum at pH 9.2 (data not shown). For all spectra,
features withg values around 2 were obscured by an
adventitious Cu(II) signal.

The quantification of the amount of Fe(III) contributing
to the axial (g ≈ 6), intermediate rhombicity (g ≈ 7.0), and
rhombic (g ≈ 4.3) signals, for all the samples measured, was
complicated by the fact that the axial and intermediate
rhombicity signals spread over a large field range (≈2300
G) and overlap. This problem was overcome by EPR spectral
simulations. The simulated spectra were simultaneously
integrated over the entire field range to obtain the total EPR
intensity from transitions within theMs ) (1/2 Kramers
doublet for the axial and intermediate rhombicity signals and
the middle transition of the rhombic signal. The Fe(III)-
EDTA standard was used for spin quantitation. The double
integral was evaluated between 0 and 2500 G, just short of
the interfering signal from adventitious Cu(II). The signals
for both the yellow and purple species of N694G were
simulated with an effective spinS′ ) 1/2 Hamiltonian (Figure
3b,d,f), with the parameters given in Table 3. An axial
doublet (g ≈ 6), a doublet with intermediate rhombicity (g
≈ 7.0), and two rhombic doublets (g ≈ 4.3) were required
for the simulation. The axial simulation parameters were used
previously for WT sLO, while the intermediate simulations
are distinct from that published for N694H (24). It should
be noted that for all of the intermediate rhombicity signal
simulations of both the yellow and purple species, it was
difficult to match the variability of theg strain of eachg
component. Therefore, these simulations are approximations
to the true signal shape. Two rhombic doublets were required
because one would not adequately fit the broad base of the
g ≈ 4.3 signal. These two rhombic components are consid-
ered as a single species in the following discussion. The
simulation areas were adjusted for thegavedifferences of the
rhombic and axial signals as described by Aasa and Vangård
(47), and line width broadening was applied to eachg value.

Quantification of the signal intensity was dependent on
the relative populations of the spin manifolds of each of the
three EPR active species. To account for the spin populations
of all the threeMs doublets, the ZFS parameters were
approximated for each species from the temperature depen-
dence of the EPR spectral intensity over the range of 3.8-

40 K under nonsaturating conditions. The temperature
dependence of theg ≈ 7.0 andg ≈ 4.3 signals was evaluated,
and their signal intensity versus temperature was compared
to the previous data for N694H. On the basis of this
comparison, the ZFS of theg ≈ 7.0 signal for both the yellow
and purple species was determined to have a positiveD value
of approximately 2 cm-1, while the rhombicg ≈ 4.3 signal
(present in the spectra of both the yellow and purple species)
had a|D| of approximately 1 cm-1. These approximate ZFS
parameters were used to calculate the Boltzmann population
distributions of the three doublets, and the spin populations
were corrected accordingly for the two signals [g ≈ 7 (for
both the yellow and purple species) andg ≈ 4.3]. The
observedg ≈ 6 signal had significant spectral overlap with
the other two species, and therefore, its temperature depen-
dence could not be obtained accurately from the EPR spectral
data. ItsD value was set to 2 cm-1, based on the fact that in
WT sLO-1 two axial signals are observed withD values of
approximately 2 cm-1 (48).

Utilizing the intensity simulation (gave corrected), we
determined that the relative concentrations of the three EPR
visible species for yellow N694G (pH 9.2) were 28( 3%
for the axial, 64( 6% for the intermediate rhombicity, and
8 ( 2% for the rhombic (Figure 3b). For the yellow species
at pH 7.2, the three species remained, but their relative
concentrations changed to 18( 2% for the axial, 76( 8%
for the intermediate rhombicity, and 6( 2% for the rhombic
species (Figure 3d). It is important to note the dominant
signal present in yellow N694G at both pH 9.2 and 7.2 was
the intermediate rhombicity species (E/D ) 0.05) atgeff )
7, although it does not appear in the spectrum to be the largest
feature. The dominant signal in purple N694G (pH 9.2) is
also the intermediate rhombicity species atg ≈ 7.0 (E/D )
0.05), which accounts for 96( 10% of the total signal, while
the g ) 6 andg ) 4.3 signals account for 2( 1% each of
the total signal (Figure 3f). Theg ≈ 7 signal for purple
N694G at pH 7.2 was identical to the signal at pH 9.2 and
therefore had the same species ratio.

Fe(II) Site.The overall crystal structure of N694G (PDB
entry 1Y4K) was very similar to the structure of the WT
sLO-1 (PDB entry 1F8N); the rms displacement between
CR atoms was 0.41 Å. The largest differences between the
structures were found in the loops regions, residues 71-77
and 88-91. The regions of residues 1-6, 21-30, and 117-
121 were flexible and invisible in the electron density map,
similar to that of the WT sLO-1 structure.

The removal of the Asn side chain at position 694
generated a space that is partially occupied by two water
molecules, one of which filled the sixth coordination site of
the octahedral Fe(II) cation (Asn694 water, water 1003)
(Table 4). The Fe(II)‚‚‚OH2 distance (2.14 Å) was much

Table 3: Theoretical EPR Simulation Parameters

E/D gx (∆g)a gy (∆g)a gz (∆g)a

Sim axial 0.0 6.0 (0.1) 6.0 (0.8) 2.0 (0.1)
Sim intermediate rhombic 1

(yellow, pH 9.2)
0.05 7.0 (0.6) 5.0 (0.8) 1.9 (0.8)

Sim intermediate rhombic 2
(yellow, pH 7.2)

0.05 7.0 (0.3) 5.0 (1.0) 1.9 (1.0)

Sim intermediate rhombic 3
(purple, pH 9.2 and 7.2)

0.05 7.0 (0.4) 5.0 (0.4) 1.9 (0.4)

Sim rhombic 1 0.33 4.3 (0.1) 4.3 (0.1) 4.3 (0.1)
Sim rhombic 2 0.33 4.5 (0.1) 4.3 (0.1) 4.0 (0.1)

a Line widths ing-values at half-height of the absorption curve are
given in parentheses.

Table 4: Iron-Ligand Bond Distances of WT sLO-1 and N694G,
in Angstromsa

WT (1F8N) N694G (1Y4K)

His499 Nε2 2.21, 2.24 2.35
His504 Nε2 2.34 2.19
His690 Nε2 2.29 2.31
Asn694 Oδ1 2.87 2.14 (OH2 1003)
Ile839 O1 2.28 2.20
OH2 841 2.11 2.27 (OH2 1002)

a Equivalent residues noted in parentheses.
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shorter than the Fe(II)‚‚‚Oδ1 Asn694 distance (2.87 Å) in
the native protein. The second water molecule (water 1001)
was hydrogen bonded to the ligated water (1003) and the
backbone carbonyl oxygen of Leu754. In comparison with
WT sLO-1, there were additional small changes in distances
between the Fe(II) ion and other coordinating residues;
however, they are minimal (Table 4). The three histidine
residues are bound in a facial manner, and the monodentate
carboxylate (Ile839) is hydrogen bonded to the active site
water (1002). The active centers in N694G and WT sLO-1
are presented for comparison (Figure 4).

Near-infrared CD and MCD spectroscopies were employed
to study the high-spin ferrous active site in N694G at higher
resolutions and in solution. The CD and MCD results are
presented in Figure 5. The energies and splitting pattern of
CD/MCD bands provide information about the geometric and
electronic structure of the active site in N694G. In octahedral
symmetry, a six-coordinate (6C) ferrous site has a doubly
degenerate5Eg ligand field excited state and a triply
degenerate5T2g ligand field ground state split in energy by
10Dq (∼10000 cm-1) for biologically relevant nitrogen and
oxygen ligands (49, 50). In the low level of symmetry of a
protein active site, these states further split (5Eg f dx2-y2 and
dz2), resulting in two ligand field transitions at∼10000 cm-1

and split by∼2000 cm-1 for a distorted 6C ferrous site. Five-
coordinate (5C) square pyramidal sites show these transitions
at ∼10000 and∼5000 cm-1, and 5C trigonal bipyramidal
sites exhibit one transition at<10000 cm-1 and one at<5000

cm-1. Distorted four-coordinate sites exhibit only low-energy
ligand field transitions in the 4000-7000 cm-1 region, due
to the much smaller value of 10Dq for tetrahedral complexes
[10 Dq (Td) ) -4/9 10 Dq (Oh)].

The 278 K CD spectrum of N694G contains two negative
ligand field bands at∼8700 and∼10700 cm-1 (Figure 5a).
CD spectra measured both with and without the glassing
agent glycerol present were unchanged. The 5 K, 7 T MCD
spectrum of N694G (Figure 5b) contains two positive ligand
field features at∼9100 and∼10700 cm-1. Thus, the CD
and MCD spectra for N694G reflect the presence of only
one species (in contrast to WT sLO), which has a distorted
6C ferrous site with an exogenous water ligand binding to
the sixth coordination position previously occupied by
Asn694.

DISCUSSION

The coordination environment of the iron binding site in
lipoxygenase is highly conserved across plant and mam-
malian species, with the exception of the sixth ligand (51).
The sixth ligand of the active site can vary from an Asn in
many plant and mammalian lipoxygenases to a His or a Ser
in select mammalian enzymes (19, 21). In sLO-1, the sixth
ligand, Asn694, is a weak ligand that can adjust its bond
distance to the iron depending on the presence of substrate
(linoleic acid) or inhibitor (oleic acid), as observed by MCD
(24, 26).

We have proposed that the physical connection between
substrate binding and the coordination environment of the
iron is a highly conserved hydrogen bonding network that
connects the substrate cavity to the first coordination sphere
of the iron (Gln495, Gln697, and Asn694) (25). The weak
ligation of Asn694 has also been shown to be critical to the
activity of sLO-1. Converting the Asn694 ligand to a
histidine (N694H) dramatically lowered the enzymatic rate
(24, 25). This change in rate was proposed to be due to a
decrease in the reduction potential of the active site iron from
the stronger His ligation and hence a reduction in the rate
of hydrogen abstraction (24).

In this investigation, we studied N694G to further probe
the role of the sixth ligand position in the kinetic and
spectroscopic properties. With regard to catalysis of LA, the
kcat value of N694G is∼230 times lower than that of WT
sLO-1 and∼9 times lower than that of N694H at 25°C
(24, 52). Thekcat/KM of N694G is∼45 times lower than that
of WT sLO-1 and∼6 times lower than that of N694H at 25
°C (Table 2) (24, 52). These data are indicative of a stronger
effect on product release (kcat) than on substrate capture (kcat/
KM) for N694G versus WT sLO-1 and are consistent with
the previous trend observed for N694H versus WT sLO-1
(24, 25). In addition, the KIE results for bothkcat andkcat/
KM of N694G are consistent with hydrogen atom abstraction
being the sole rate-limiting step, indicating that N694G uses
the same fundamental mechanism as WT sLO-1 (24).

One of the primary driving forces for the lipoxygenase
hydrogen atom abstraction is the reduction potential (E°) of
the active site iron (53). Previously, we estimated a lower
reduction potential for N694H, relative to WT sLO-1, from
a shift in the LMCT band (24). This comparison can also be
made with regard to N694G (LMCTλmax ) 410 nm, 24 390
cm-1), which is higher in energy than WT sLO-1 (LMCT

FIGURE 4: Stereoview of WT sLO-1 (1F8N, red) and N694G
(1Y4K, blue), superimposed in the area of the active site. For WT
sLO-1 (1F8N), a double conformation of His499 is shown. The
residues are named according to the N694G structure.

FIGURE 5: (a) Near-infrared CD spectrum of N694G at 278 K and
(b) near-infrared MCD spectrum of N694G at 5 K and 7 T.
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λmax ) 425 nm, 23 530 cm-1). This result signifies a lower
E° for N694G than for WT sLO-1 and partially contributes
to the lowered activity of N694G versus WT sLO-1.

This conclusion is supported by the activation kinetics of
N694G. The kinetics of activation of lipoxygenase by 13-
(S)-HPOD measures both theKD of 13-(S)-HPOD binding
and the rate at which 13-(S)-HPOD oxidizes the ferrous
active site iron (k2). The activation data of N694G demon-
strate that the active site of N694G is comparable to that of
WT sLO-1 with theKD values being similar for both (KD )
41 ( 5 µM for N694G andKD ) 39 ( 14 µM for WT sLO-
1). Nevertheless, the rate of iron oxidation for N694G is
faster than that of WT sLO-1 (k2 ) 606( 18 s-1 for N694G
andk2 ) 349( 31 s-1 for WT sLO-1). These kinetic results,
coupled with the blue-shifted His-to-Fe(III) LMCT band,
indicate a lowered reduction potential for N694G and suggest
a stronger ligand at the active site iron than the native
Asn694.

This hypothesis is confirmed by the crystal structure, the
CD/MCD data for ferrous N694G, and the EPR signal of
ferric N694G. The ferrous structure shows two water
molecules in the cavity, occupied by Asn694 in WT sLO-1,
with one of the waters bound directly to the iron. The water
ligated to the ferrous iron has a short bond distance relative
to the Asn in WT sLO-1 (Table 4), indicating a strong ligand
interaction and hence a lowered reduction potential (i.e.,
lowered kinetic activity). Furthermore, the crystallographi-
cally defined iron coordination correlates well with CD and
MCD studies of N694G, which are consistent with the
presence of a purely 6C ferrous site with an exogenous water
ligand bound in solution.

The solution EPR spectrum of ferric N694G at pH 9.2
shows a distribution of species with the intermediate rhombic
signal being the major component (64%). The intermediate
rhombicity species has anE/D value of 0.05, which is similar
to the intermediate rhombic signal of N694H (E/D ) 0.08)
(24) but is in contrast to the axial signal (E/D ) 0.01) of the
WT sLO-1 enzyme (54). The axial signal in the wild type
reflects the presence of an open coordination position on Fe-
(III) (i.e., 5C square pyramidal). These data indicate that the
coordination environment of N694G is 6C (not axial) but
with one strong unique axis (not completely rhombic), as
seen previously with N694H (24). Considering the fact that
the yellow N694G EPR is minimally pH dependent and
yellow WT sLO-1 has a hydroxide bound, it is appropriate
to assume that the 6C coordination environment of ferric
N694G contains one hydroxide and one water with the
hydroxide corresponding to the strong axis; however, it is
unclear which coordination position (active site or Asn694)
has the water and which has the hydroxide.

The purple species of N694G manifests the same three
species as the yellow form: axial (E/D ) 0), intermediate
rhombicity (E/D ) 0.05), and rhombic (E/D ) 0.33);
however, its appearance is different from the yellow signal
due to the increase in the percentage of the intermediate
rhombicity species (96%) and the loweredg strain (Table
3), which sharpens certain features of the signal. If we
assume 13-(S)-HPOD is directly bound to the iron, on the
basis of the purple LMCT band, then 13-(S)-HPOD has
displaced the exogenous, water-derived, ligand, similar to
that seen in the 13-(S)-HPOD-WT sLO-3 structure (55).
The fact that theE/D of the intermediate rhombicity species

does not change with anionic, hydroperoxide binding sug-
gests that a hydroxide has been lost in the coordination
environment, leaving 13-(S)-HPOD bound to the catalytic
site position and a water at position 694 (Figure 6). This is
supported by the fact that the purple N694G EPR does not
change down to pH 7.2, indicating a bound water. Neverthe-
less, the fact that the exogenous, Asn694 ligand is a water
in purple N694G does not indicate that the exogenous,
Asn694 ligand is a water in the yellow form because the
decrease in the Lewis acidity of the ferric iron upon 13-(S)-
HPOD binding could increase the pKa of a hydroxide, leading
to its protonation.

This raises the question of which ligation position, the
catalytic site or position 694, is the hydroxide and which is
the water in the ferric, yellow form of N694G. A possible
answer to this question may be found in analysis of the
kinetics of N694G. The activation parameters are twice as
fast for N694G as for WT sLO-1, while the catalysis of LA
hydroperoxidation is more than 230 times slower. These
results, combined with the higher rhombicity of the ferric,
yellow, N694G EPR signal and a blue shift in the LMCT
band, compared to those of WT sLO-1, support our previous
hypothesis that stronger ligands (than Asn) at position 694
in sLO-1 lower the reduction potential and thus decrease the
driving force of the reaction (24). Nevertheless, N694G is
more than 9-fold slower than N694H even though its LMCT
band is lower in energy (410 and 400 nm, respectively). If
the reduction potential were the only factor in the rate of
catalysis, one would hypothesize that the rate of catalysis of
N694G would be faster than that of N694H, which is not
the case. This suggests that there is another factor that affects
the rate of catalysis of N694G. One possibility is that in the
ferric state, the water is the active site-oriented ligand and
the hydroxide is the Asn694 ligand. We and others have
proposed that the active site hydroxide is critical to abstrac-
tion of the hydrogen atom from the substrate (9, 25). If this
critical, active site, exogenous ligand is in fact a water in
N694G, then the rate of hydrogen atom abstraction would
be lowered dramatically. This hypothesis is supported by
examination of the hydrogen bond interactions with both
water ligands in the ferrous forms of N694G (Figure 7). The
active site water is hydrogen bonded to the bound carboxylate
(Ile839), which would increase its pKa due to anionic
repulsion, favoring protonation. This same H-bond is shorter
for N694G (2.25 Å) than for WT sLO (2.50 Å), which would

FIGURE 6: Proposed coordination geometry of the Fe(III) center
for WT sLO-1 and N694G.
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increase the pKa of the active site water in N694G even more
(Figure 4). In contrast, the Asn694 water, for N694G, is
hydrogen bonded to a second water and has a distant
hydrogen bond from the NH group of Gln697, which could
potentially stabilize the charge of a bound hydroxide, upon
oxidation of the iron. On the basis of these structural factors,
the Asn694 water ligand would likely become the bound
hydroxide in the ferric state (Figure 6), hence accounting
for the lowered reaction rate of N694G compared to that of
N694H, even though its reduction potential is not as low.
We are currently investigating this possibility.
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