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Abstract: Polyunsaturated fatty acid metabolism is governed primarily by two enzymes, prostaglandin H
synthase and lipoxygenase. The crystal structure of the metastable product-oxidized purple form of soybean
lipoxygenase-3 was determined at 2.0 Å resolution. The data reveal that the chromophore corresponds to an
iron-peroxide complex, a potential intermediate in the catalyzed reaction. A significant alteration of the iron
site accompanies the formation of the complex. The structure, the first for a fatty acid-lipoxygenase complex,
also reveals an unexpected mode of binding, and identifies amino acid residues that may play significant roles
in catalysis, regio- and stereoselectivity.

Introduction

Polyunsaturated fatty acid metabolism is governed by two
enzymes, cyclooxygenase and lipoxygenase. Together they are
responsible for the inauguration of the biosynthesis of a host
of metabolites known collectively as eicosanoids.1 The discovery
that these compounds play pivotal roles in diseases that include
an inflammatory component has given rise to a substantial
research effort to elucidate the structure and mechanism of action
of these key biosynthetic enzymes. Structure/function studies
of cyclooxygenase have culminated in the discovery of numer-
ous inhibitors with therapeutic potential, the nonsteroidal
antiinflammatory drugs.2 Parallel investigations into the structure
of lipoxygenase and its complexes with small molecules, e.g.
substrate, product, and inhibitors, for the generation of thera-
peutically useful compounds have not reached the same level
of development. Lipoxygenase catalysis depends on the par-
ticipation of a unique non-heme iron cofactor.3 The enzyme
activates the substrate polyunsaturated fatty acid toward com-
bination with molecular oxygen by a hydrogen atom abstraction
reaction. The results of kinetic isotope effect experiments
implicate a tunneling mechanism for this key step in the
catalyzed reaction.4 How the enzyme perpetrates the transforma-
tion in this way is consequently also a matter of considerable
fundamental interest in chemistry.

Several crystallographically determined structures of lipoxy-
genases (two isoforms from soybeans and one from rabbit) have
been reported.5-8 The proteins share an overall folding pattern
and contain very similar non-heme iron sites. The only

significant difference in the iron amino acid ligands is that in
the rabbit enzyme one of the iron coordination positions is
occupied by histidine, while the structures of the soybean
enzymes contain asparagine in the same location, but at just
beyond a bonding distance. The structures of all of the
complexes of these two enzymes determined to date identify
the same site for ligand binding adjacent to the non-heme
iron.8-10

All of the crystallographically determined structures for
lipoxygenases up to now, however, have been conducted on
the native, sometimes called resting, iron(II) enzyme. Activation
for catalysis requires oxidation of the cofactor, and catalysis
depends on its redox cycling.11 The only known oxidant for
this reaction is the lipid hydroperoxide product of the catalyzed
reaction.12 The oxidation of lipoxygenase to its active, iron(III)
form is accompanied by characteristic spectroscopic changes.
For example, treatment of solutions of the native enzyme with
1 equiv of hydroperoxide product produces a slightly yellow
color, and the samples exhibit EPR signals that are characteristic
of high-spin iron(III).13 The EPR spectrum reflects an iron
environment that is not strictly homogeneous. Combinations of
signals ranging from mostly axial in nature to purely rhombic
have been obtained under different experimental conditions. The
contributions vary, for example, with pH and the presence or
absence of low molecular weight alcohol in the sample.14 When
solutions of soybean lipoxygenase-1 are treated with more than
1 equiv of the peroxide product, a distinct purple color is
obtained. The purple form of the enzyme also contains high-
spin iron(III) in multiple environments judging from the features
of the observed EPR spectrum.15 Solutions of purple soybean* Address correspondence to these authors: E.S.J. (ejankun@protein.wo.
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lipoxygenase-1 are both thermally unstable and photolabile.16

An investigation of the photolysis of the purple enzyme
concluded that the chromophore represented a catalytically
competent species, possibly an iron-peroxide complex, that
might be an intermediate in the catalyzed reaction.17 Working
with a different isoform of the soybean enzyme (lipoxygenase-
3) we have been able to obtain crystals of purple lipoxygenase
that persist long enough for X-ray diffraction analysis. The X-ray
crystal structure was solved at 2.0 Å resolution by molecular
replacement. The structure is the first for an iron(III) lipoxy-
genase, and the first example of a lipoxygenase/fatty acid
complex to be determined. The mode of fatty acid binding is
therefore evident, and the structure establishes that purple
lipoxygenase is an iron-peroxide complex.

Results and Discussion

Purple Lipoxygenase 3 Is a Metastable Iron-Peroxide
Complex. Titration of a 250µM solution of lipoxygenase-3 at
pH 8.5 with (9Z,11E)-13(S)-hydroperoxy-9,11-octadecadienoic
acid (13-HPOD) produced the UV-visible absorbance spectra
presented in Figure 1a. An absorbance maximum centered
around 590 nm (1400 L mol‚cm-1) was obtained. Frozen
samples of solutions of the product-treated enzyme were
analyzed by EPR spectroscopy (Figure 1b). While the rhombic
feature around g4.3 was the most conspicuous signal in each
spectrum, the various axial signals around g6 constituted a much
greater fraction of the EPR visible iron upon integration.
Although the spectroscopic properties of solutions of lipoxy-
genase-3 treated with excess 13-HPOD were found to be similar
to those reported previously for lipoxygenase-1, it was our
consistent observation that solutions of lipoxygenase-3 retained
their color longer than similarly treated samples of lipoxygenase-
1. For example, it was originally reported that solutions of purple
lipoxygenase-1 lasted only about 1 h at 0°C.15 The loss of the
purple color correlated with the conversion of 13-HPOD into
mainly (9Z)-(trans-12,13-epoxy)-11-hydroxy-9-octadecenoic
acid.18 By contrast, solutions of lipoxygenase-3 oxidized with
excess 13-HPOD retained their color overnight when stored at
4 °C. We sought to capitalize on the enhanced stability of this
oxidized isoform by undertaking a resonance Raman spectros-
copy investigation of the purple form of lipoxygenase-3. To
our disappointment, but consistent with all previous observations
of lipoxygenase-1, purple solutions of lipoxygenase-3 were
efficiently photobleached in the light path of the Raman
spectrophotometer at 2°C.17 The behavior of lipoxygenase-3,
while not strictly identical in all respects, was similar to the
behavior of lipoxygenase-1 upon treatment with excess product.

Freshly prepared crystals of lipoxygenase-3 were treated
directly with a solution of 13-HPOD, which caused them to
gradually turn purple. The purple crystals were not stable,
especially upon photoirradiation. Consequently, the crystals were
handled and the data were collected with only the light necessary
for mounting and optical alignment. While cryoprotection of
crystals might be considered an option, we have found that the
change induced in the lipoxygenase-3 structure upon freezing
doubles the number of variables necessary for calculations
without any significant gain in the number of observations.19

Therefore, data were obtained at room temperature in the dark
by using three crystals, and the time for data collection was

held to less than 3 h per crystal. Despite the limitations imposed
by the instability of the purple crystals, the data provided clear
evidence in the electron density difference map for fatty acid
binding within the enzyme central cavity near the iron site.
When 13-HPOD was included in the calculations the structure
was successfully refined to a discrepancy factor ofR < 20%.
The crystallographic data and refinement statistics are presented
in Table 1. Figure 2 shows a stereoview of the final2Fo - Fc

map near the binding site. In the crystal structure, the 13-HPOD
molecule forms a covalent complex with iron via the peroxy
group. As illustrated in Figure 3, the peroxide occupies the sixth
ligand position in the iron coordination sphere producing a
slightly distorted octahedral (C3V) geometry. The peroxide
displaces a water molecule from its position near (4.0 Å) the
iron atom in the structure of the native enzyme. Further,
coordination of the metal by Asn713 is evident in the structure
obtained from the purple crystals in comparison to the situation
in the native enzyme, where the residue is situated at a non-
bonding distance (3.0 Å). The bond distances and angles for
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Figure 1. Spectroscopic properties of soybean lipoxygenase-3 treated
with excess 13-HPOD: (a) UV-visible spectra for lipoxygenase-3 (250
µM, 0.1 M TrisHCl, pH 8.5) treated with 13-HPOD in varying ratios
and (b) EPR spectra for lipoxygenase-3 (250µM, 0.1 M TrisHCl, pH
8.5) treated with 13-HPOD in varying ratios.
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the iron coordination sphere are collected in Table 2. While
there are two excellent recent examples of small molecule
models for the purple iron(III) peroxide complex in lipoxyge-
nase, crystals of the complexes were not obtained due to
instability.20,21 Solutions of these model complexes were
characterized by electronic absorption, EPR, and resonance
Raman spectroscopy and electrospray ionization mass spec-
trometry. The solutions displayed absorption and EPR spectra
similar to those obtained for product-oxidized solutions of
lipoxygenase. Distinctive absorption bands in the resonance
Raman spectra were assigned to both O-O and Fe-O stretching
modes. The data were thus consistent with the formation of an
end-on alkylperoxo iron(III) complex and the absorption bands
near 600 nm for these complexes were assigned to the
alkylperoxo to iron(III) charge-transfer transition. Resonance
Raman data for the purple form of lipoxygenase have been
difficult to obtain (vide supra). However, the crystallographic
data reported here provide the first structural verification for
any mononuclear non-heme iron-peroxide complex. The data
are consistent with all of the previously reported spectroscopic
observations on this form of the enzyme and also with the
characteristic features of the model complexes, providing a
coherent view of the structure and bonding in the purple species.

The Lipoxygenase-Fatty Acid Interaction. Considering the
similarities in the catalyzed reactions, the structural features of
fatty acid complexes of cobalt-substituted ovine cyclooxygenase-
(Co3+-oPGHS-1)22 and lipoxygenase are remarkably different.
Cyclooxygenase is a heme protein, and arachidonic acid binds
∼15 Å from the metal cofactor measured from Co3+ to C13 of
the fatty acid. The redox chemistry is apparently mediated by
an intervening tyrosine residue (Tyr385). The fatty acid binds
with its carboxylate end at the opening of a channel in the
protein, anchored by interactions with Arg120 and Tyr355, and
adjacent to the unique membrane binding domain of cyclooxy-
genase. The arachidonic acid molecule extends into the COX
channel past Tyr385 into a pocket lined with hydrophobic
residues. In an inactive mutant, however, it binds in the same
location, but in the reverse orientation.23 By contrast lipoxy-
genase binds the fatty acid ligand immediately adjacent to the
non-heme iron site, completely enveloped in internal channels
of the protein.

Beyond the identification of the binding sites, the structures
reveal the orientations of the fatty acids, and have the potential
to disclose the aspects of the enzymes responsible for the
features of the catalyzed reactions, e.g., mechanism of action
and stereospecificity. For example, the orientation of arachidonic
acid in the Co3+-oPGHS-1 complex is consistent with many
features of the catalyzed reaction providing reinforcement for
the current working hypothesis for the enzyme mechanism:
stereospecific hydrogen atom abstraction, stereospecific reactions
with oxygen molecules, and the stereospecific peroxy radical
cyclization reaction.23 With lipoxygenase, it is not yet completely
clear how the enzyme controls the regioselectivity and stereo-
selectivity of catalysis, and what factors govern the outcome
of the peroxidation reaction and the formation of possible
products. Soybean lipoxygenase isozymes (lipoxygenase-1 and
lipoxygenase-3) provide an interesting study in contrast since
their mechanisms lead to both single (lipoxygenase-1) and
multiple (lipoxygenase-3) products of 9/13 peroxidation of
linoleic acid. Further, the products can be produced either with
a high degree of stereoselectivity (lipoxygenase-1) or with
similar contributions ofR and S chirality (lipoxygenase-3).
Recent site directed mutagenesis experiments with lipoxyge-
nase-1 suggest that steric restraints placed on the approach of
oxygen to the enzyme-bound substrate by the surrounding amino
acid side chains culminate in the observed stereo- and regiose-
lectivity.24 Replacing bulky leucine residues at positions 546
and 754 in lipoxygenase-1 (corresponding to 565 and 773 in
lipoxygenase-3) with the less demanding alanine resulted in less
of the 13-substitution product, more of the 9-isomer, and a lower
level of stereoselectivity at both positions. The amino acids at
these positions cannot, however, by themselves account for the
differences observed in the product distributions of the isoen-
zymes, as they are conserved in the two proteins. The present
report provides the first evidence on this subject from an X-ray
analysis of lipoxygenase-3 in complex with the product of the
catalyzed reaction.

The 13-HPOD molecule anchors its carboxyl group to the
hydrophilic residues OG Ser510 and NH2 Arg726, and via water
molecules to O Gln716, OD2 Asp766, and O Gly720 (Figure
4). Binding of 13-HPOD does not disrupt the Asp509-Arg726
salt bridge. The 9-cis,11-transdouble bond system has His518-
Trp519 on one side and hydrophobic residues Leu565, Ile572,
and Leu773 on the opposite side in the immediate vicinity. The
aliphatic end of the molecule, C14-C18, is squeezed between
Ile857 and Leu277 protruding into a hydrophobic channel. The
channel comes to an end at the interface between the two
domains making it easily accessible to the solvent. The electron
density map (Figure 2) shows no density for the C17-C18 end
of 13-HPOD. The hydrophobic channel is lined by the side
chains of Leu273, Thr274, Leu277, Leu560, Ile557, Ile857, and
Ile772, which allows for more than one conformation for the
aliphatic substituent.

A comparison of the structures of native lipoxygenase-3 and
the complex shows surprisingly few differences, either in the
protein or the solvent. Superposition of all residues of these
two structures gives a root-mean-square deviation of 0.4 Å. The
only amino acid dislocated in a significant way from its original
place is Gln514 (Figure 5), which in the native enzyme
participates in a hydrogen bonding network connecting ND1
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Table 1. Crystallographic Data and Refinement Statistics

space group C2
cell dimensions:a, b, c (Å), â (deg) 112.65, 137.28, 61.89, 95.56
resolution (Å) 40-2.0
total no. of observation 107634
no. of unique reflcns 48693
completeness 78 (68)a

I/σ 11.5 (1.3)
Rmerge(%) 6.4 (35.2)
Rcryst(%) (41,035 reflcns, 40-2.0 Å) 19.6
Rfree(%)b 29.6
non-hydrogen atoms protein/

cofactor/ligand/water
6697/1/22/529

rms deviations
bonds (Å) 0.007
angles (deg) 1.4

a Values in parentheses are for the highest resolution shell 2.07-
2.00 Å. b Rfree was calculated with a test set containing 10% of the
data.
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His518‚‚‚OE1 Gln514, NE2 Gln514‚‚‚OE1 Gln716, NE2 Gln716‚
‚‚OD1 Asn713, and ND2 Asn713‚‚‚O Leu773. Atoms C5-C6-
C7 from the fatty acid occupy the place taken up by the Gln514
side chain in the native enzyme, with C5 only 2.9 Å away from
OE1 Gln716. The maps show residual electron density where
Gln514 would be in the native protein, and so our conclusion
is that this side chain is disordered. The observation of different
orientations for the Gln514 side chain could be the basis for an
explanation for the lack of regioselectivity in lipoxygenase-3
catalysis. If Gln514 had remained in its original hydrogen
bonding network, the passage for the carboxyl end of the fatty
acid would be blocked. If the carboxyl group of a fatty acid
substrate could be stabilized by an interaction with the hydrogen
bonding network around Gln514, employing water molecules
and possibly Asp766, this would bring the C9 atom instead of
the C13 atom from the fatty acid near the iron cofactor during
the catalyzed reaction. In the present experiments the compound

was already oxidized at the 13 position, and the displaced
Gln514 can be stabilized in its new location by bifurcated
hydrogen bonds between NE2 Gln514 and SG Cys511, O
Cys511. The observed turn of SG in the direction of Gln514
and the small shift in the position of the Leu515 side chain
support this conclusion. Incorporation of 13-HPOD into this
space in the molecule also dislocates solvent molecules, but only
two of them (Wat936 and Wat901 in the native lipoxygenase-3
structure).

The binding site in general appears to be more flexible in
lipoxygenase-3 than in lipoxygenase-1 as a consequence of
amino acid differences in the aligned sequences (lipoxygenase-
1/lipoxygenase-3): Ser747/Asp766, Thr756/Arg775, and Glu256/
Thr274 (Figure 5). For example, Asp766 participates in the
hydrogen bonding network that holds the carboxyl group of 13-
HPOD in place. However, it could also form a salt bridge with
an alternate rotomer of Arg726 that was clearly visible in the

Figure 2. Stereoview of the 13-HPOD binding site showing the final 2Fo - Fc map (1σ contouring level) and selected residue numbers.

Figure 3. The iron site with bound 13-HPOD. The ends of 13-HPOD have been omitted for clarity.
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density map of the native enzyme.7 A reorientation of Arg726
would support the hydrogen bonding network around Gln514‚
‚‚Gln716 with Asp766‚‚‚Arg726‚‚‚H2O‚‚‚His513. This would
promote the oxidation of linoleic acid at C9 rather than C13 as
described earlier. For this to happen, theω-end of the fatty acid
would have to extend past Thr274. Lipoxygenase-1 has a
network of strong hydrogen bonds, His248‚‚‚Glu256‚‚‚Asn534,
at that location while in lipoxygenase-3 this network is replaced
by a water-bridged interaction, His266‚‚‚H2O‚‚‚Asp553, open-
ing up enough space to accommodate the aliphatic substituent.
Another sequence difference, Thr756/Arg775, controls the turn
of the helix that includes Leu773, replacing a strong OG1Thr756‚
‚‚OAsp752 interaction in lipoxygenase-1 with a large loop held
in place by a Glu771‚‚‚Arg775 salt bridge in lipoxygenase-3.
This combination of differences helps to explain why lipoxy-
genase-1 is more stringent, whereas lipoxygenase-3 allows for
more options (C9/C13 andR/S). In this study, both stereoisomers
were tested in the electron density maps. While the reaction of
linoleic acid with lipoxygenase-1 produces 13-HPOD exclu-
sively, a mixture of stereoisomers (S/R: 86/14) is obtained. Our
crystals were soaked with the products of the lipoxygenase-1

reaction, and despite the abundance of 13(S), either stereoisomer
could bind lipoxygenase-3, which produces nearly equal amounts
of the two enantiomers. The discrepancy factors (R ) 0.196,
Rfree ) 0.296 vsR ) 0.204,Rfree ) 0.302) came in favor of the
S enantiomer.

The mode of binding observed in the crystal structure does
not correspond to any of the previous predictions for substrate
interactions based on molecular modeling using the native
enzyme as a starting point.25 An important point that has
received considerable attention relates to the orientation of the
substrate at the active site. Positional specificity has been
attributed to either an orientation effect, i.e., the direction (R
f ω or the reverse) adopted by the fatty acid in the vicinity of
the iron site, or a steric effect.25,26 That is, the longer the
hydrophobic pocket, the deeper the substrate might be able to
penetrate, resulting in peroxidation farther away from theω-end.
While the structure provides an explanation for the lack of
regioselectivity in the reaction catalyzed by lipoxygense-3
employing a variation of the latter hypothesis (vide supra), the
possibility that fatty acid could bind in the head-to-tail reversed
orientation cannot be ruled out. Further, the observations make
it clear that a direct extrapolation to the situation in mammalian
lipoxygenases cannot be made. For example, the hydrophobic
pocket identified in the structure of soybean lipoxygenase-3 does
not have a counterpart in the rabbit 15-lipoxygenase on the basis
of sequence alignment alone. Further, the residues found
consistently to influence positional specificity in the mammalian
enzymes on the basis of site directed mutagenesis are not in
positions to play similar roles in the fatty acid interaction in
the lipoxygenase-3 structure. For example, residues Phe353,
Ile418, and Ile593 in the sequence of rabbit 15-lipoxygenase
have been implicated in the formation of the hydrophobic pocket
that accepts theω-end of the fatty acid.26 Phe353 in the rabbit
sequence corresponds to Ser510 in the lipoxygenase-3 sequence
(not an aromatic residue), and Ser510 is close to the place where
the carboxylate group of 13-HPOD binds in the structure of
the complex. It therefore seems increasingly likely that the
determinants of regioselectivity and stereoselectivity in plant
and animal lipoxygenases will turn out to be different.

The Catalyzed Reaction.It has been proposed that the purple
species constitutes one of the intermediates in the lipoxygenase-
catalyzed reaction, and the existence of the iron(III)-peroxide
complex confirmed by the elucidation of its structure certainly
supports this hypothesis.17 A mechanism that includes the salient
features of the catalytic cycle is provided in Scheme 1. Once
the substrate combines with the iron(III) enzyme, a hydrogen
atom abstraction takes place by a tunneling mechanism.4

Transfer of the electron to the metal produces iron(II), while
the proton acceptor is probably a hydroxide ligand on the iron.
This chemistry leaves the fatty acid in the form of a free radical
possibly either allylic or pentadienyl.27,28The radical combines
with molecular oxygen under steric restraints that govern the
stereoselectivity.24 Combination of the peroxy radical intermedi-
ate with the iron(II) cofactor would produce the iron-peroxide
complex. Dissociation of the peroxide with proton transfer would
produce the product of the reaction and regenerate the starting
iron(III) form of the enzyme. Invoking the iron-peroxide
complex as an intermediate provides a logical route for the
reduction of the peroxy radical intermediate.

(25) Prigge, S. T.; Boyington, J. C.; Gaffney, B. J.; Amzel, L. M.Proteins
Struct. Funct. Genet.1996, 24, 275-291.

(26) Kuhn, H.Prostag. Lipid Mediat.2000, 62, 255-270.
(27) Nelson, M. J.; Cowling, R. A.; Seitz, S. P.Biochemistry1994, 33,

4966-4973.
(28) Funk, M. O.; Andre, J. C.; Otsuki, T.Biochemistry1987, 26, 6880-

6884.

Table 2. Iron Coordination: Distances (Å) and Angles (deg)

native

atoms (L3 numbering)

lipoxygenase-1
(1.4 Å)a
[100 K]

lipoxygenase-3
(2.6 Å)

[room temp]

lipoxygenase-3
13-HPOD (2.0 Å)

[room temp]
13S(13R)

Fe-NE2 His518 2.23 2.23 2.23
Fe-NE2 His523 2.26 2.21 2.24
Fe-NE2 His 709 2.21 2.26 2.28
Fe-OD1 Asn713 3.05 3.01 2.28
Fe-OXT Ile857 2.40 2.13 2.05
Fe-O22b 13HPOD 859 2.56 (Wat842) 4.02 (Wat901) 2.01 (2.05)
518NE2-FE-523NE2 95.2 91.6 84.5
518NE2-Fe-709NE2 102.3 100.7 98.9
523NE2-Fe-709NE2 105.9 86.5 89.2
857OXT-Fe-713OD1 95.6 106.6 103.4
857OXT-Fe-O22 95.6 99.9 88.4 (81.1)
713NE2-Fe-O22 66.4 109.3 102.9 (113.1)
518NE2-Fe-713OD1 74.9 67.8 77.9
518NE2-Fe-O22 86.3 76.8 90.1 (97.2)
523NE2-Fe-857OXT 91.5 94.5 94.3
523NE2-Fe-O22 97.5 69.4 82.7 (74.3)
709NE2-Fe-713OD1 91.9 91.5 87.9
709NE2-Fe-857OXT 86.4 85.5 82.4
518NE2-Fe-857OXT 167.1 171.6 178.2
523NE2-Fe-713OD1 161.2 158.6 161.5
709NE2-Fe-O22 154.0 155.6 167.3 (155.7)

a Data resolution in parentheses.b For this table it is assumed that
the place in the coordination sphere filled by O22 from 13-HPOD (PDB
1IK3, A13S, and B13R) is occupied by water 842 in native lipoxyge-
nase-1 (PDB 1YGE) and water 901 in native lipoxygenase-3 (PDB
1LNH).

Scheme 1
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While the conformation of lipoxygenase-3 undergoes remark-
ably little change in the transition from the native state to the
oxidized purple form, there are two noteworthy features of
residues found in the fatty acid binding site (Figure 6). The
central part of the product molecule, C9-C13, is near iron in
a nonbonding distance. However, the electron density around
the His518 ligand indicates the capacity for the side chain to
turn on an axis that passes through the imidazole ring bringing
it close to C8 and C11 on one side of the fatty acid. On the
other side of the molecule, Trp519 can approach C9, C10, and
C12 by a reorientation of the side chain involving a 180° flip

and 42° swing that maintains the original plane of the indole
ring. These two residues therefore might be involved in the
formation or stabilization of radical(s) via proton and/or electron
transfer.

Experimental Section

Lipoxygenase-3 was obtained from soybean seeds (Resnick) by using
a chromatofocusing procedure.29 UV-visible absorbance spectra were
obtained on 250µM solutions of the enzyme at pH 8.5 (0.1 M TrisHCl).
The 13-HPOD30 was addded as an aliquot (e2.5% of the total volume)
in methanol to provide the appropriate ratio. EPR samples were prepared

Figure 4. Binding of 13-HPOD (yellow) to soybean lipoxygenase-3. Amino acids are shown as follows: green, His 518,523,709, Asn713, and
Ile857; purple, Trp519, Gln514, His513, Gln716; light blue, water molecules and Asp766, Cys511, Ser510, Arg726, and Gly720; and gray, hydrophobic
residues Ile557, Leu277, Leu565, Val571, Ile572, Val769, and Leu773.

Figure 5. Features of the 13-HPOD binding site relevant to regio- and stereoselectivity. Selected residues in lipoxygenase-3 are black, the CR
traces are thin gray lines with the ends indicated, the iron atom is a dotted sphere, and 13-HPOD is red. Corresponding residues in lipoxygenase-1
are in blue for comparison. The position of Gln514 in the native enzyme and the alternative rotomer for Arg726 are in green.
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by first transferring an appropriate aliquot of 13-HPOD solution in
methanol to a plastic tube. The methanol was removed with use of a
stream of nitrogen. The enzyme (0.25 mL, 250µM, pH 8.5, 0.1 M
TrisHCl) was added to the tube, and the mixture was allowed to stand
at room temperature for 10 min before being transferred to a quartz
tube for freezing in liquid nitrogen. EPR spectroscopy was conducted
on the frozen solutions as previously described.31 The 9 GHz measure-
ments were performed with a Varian Century Line Spectrometer
equipped with a homemade, gas-phase liquid helium transfer line and
quartz dewar cavity insert operating at 25 K.

Crystals of soybean lipoxygenase-3 were obtained from sodium
citrate-phosphate buffer32 and poly(ethylene glycol), MW) 8000, using
the previously described protocol.7 An ethanol solution of 13-HPOD
was added to freshly prepared crystals of soybean lipoxygenase-3 in a
1:2 molar ratio (13-HPOD was tested in ratios of 1 to 15) with
lipoxygenase-3. The concentration of ethanol did not exceed 1% of
the total volume. The crystals slowly developed a purple color that
vanished with time and exposure to light. The crystals were kept in an
incubator at 23°C in the dark and were used within 2 days. Exposure
of the purple crystals to the microscope light during mounting and
alignment was limited as much as possible. Crystals were placed inφ1
mm capillaries and data were collected at room temperature on RaxisIV
with Cu rotating anode and focusing mirrors, at 50 kV, 100 mA, crystal-
to-detector distance 140 mm, oscillation angle 2°, and exposure time
10 min per frame. The purple color of the crystals declines with time
in the X-ray beam, so visual evaluation was made to estimate the time
of total exposure per crystal that would correspond to the “purple”
phase. In addition, an extremely conservative approach was taken in
selecting the diffraction data. Forty frames corresponding to an 80°
sweep of reciprocal space were collected for each crystal. After 6 h,
the intensities had dropped to around 50%. Even though the purple
color was still clearly visible at that point, we elected to cut the data
at most at 80% intensity decay and combine reflections from three
crystals to ensure the desired level of completeness, and to use data
that corresponded to the purple phase. Only 20, 9, and 7 frames were
used from crystals 1, 2, and 3, respectively. That corresponded to 3 h
or less of data collection and decays in the intensity of 80%, 87%, and
90%. Data for the crystals were collected in the dark, and 107 634

observations from the three crystals were merged together yielding
48 693 reflections with 78% completeness to 2.0 Å resolution (68.4%
in the 2.07-2.00 Å last shell) withRmerge6.4% based on intensities.33

The unit cell dimensions for the crystals soaked with 13-HPOD,a )
112.6 Å,b ) 137.3 Å,c ) 61.89 Å, andâ ) 95.6°, were within 0.1-
0.2 Å and the sameC2 space group as the native crystals. The structure
was solved by molecular replacement with native lipoxygenase-3 (PDB
code 1LNH) as a model, 8-3 Å data, and followed by rigid body
refinement for the whole molecule first and 5 domains later. Maps:
2Fo - Fc and∆F calculated at this point (R ) 0.25) clearly showed an
extended shape of an unoccupied density that could accommodate 13-
HPOD. The protein molecule was examined against the maps and
adjusted accordingly. Topology and parameter files for 13-HPOD were
generated with “xplo2d”34 and the parameters corresponding to similar
structural features. All calculations were done in X-PLOR version 3.8535

with Rfree for 10% sampling of reflections for validation. All modeling
and visual examinations after each round of refinement were performed
with CHAIN version 7.36 After including 13-HPOD into the calculations
the structure was refined toR ) 0.22, Rfree ) 0.31, with 28 784
reflections in the 8-2.2 Å resolution range. Bulk solvent correction
was introduced and the resolution range expanded to 40.0-2.0 Å, and
solvent molecules were added gradually. Different configurations of
the fatty acid were tested at the final stage. The reported model, refined
against 41 035 observations (within 40.0-2.0 Å, with F > 2σ) has a
crystallographicR-factor of 0.196,Rfree of 0.296, and consists of 7249
atoms: 6697 from 836 out of 857 protein amino acids (residues 1-8
and 33-45 were not included), one Fe(III) cofactor, 22 atoms of 13-
HPOD, and 529 water molecules. The coordinates were deposited in
the Protein Data Bank, code 1IK3.
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Figure 6. Unusual features of amino acids in the 13-HPOD bindings site. 2Fo - Fc map showing a rounded shape for His518 and a flat but
expanded shape for Trp519. The dashed line illustrates alternative conformation for tryptophan. 13-HPOD is in green.
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