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In mammals, the hydroperoxidation of arachidonic acid by lipoxygenases leads to the
formation of leukotrienes and lipoxins, compounds that mediate inflammatory responses.
Lipoxygenases are dioxygenases that contain a nonheme iron and are present in many
animal cells. Soybean lipoxygenase-1 is a single-chain, 839-residue protein closely related
to mammalian lipoxygenases. The structure of soybean lipoxygenase-1 solved to 2.6
angstrom resolution shows that the enzyme has two domains: a 146-residue g barrel and
a 693-residue helical bundle. The iron atom is in the center of the larger domain and is
coordinated by three histidines and the COO~ of the carboxyl terminus. The coordination
geometry is nonregular and appears to be a distorted octahedron in which two adjacent
positions are not occupied by ligands. Two cavities, in the shapes of a bent cylinder and
a frustum, connect the unoccupied positions to the surface of the enzyme. The iron, with
two adjacent and unoccupied positions, is poised to interact with the 1,4-diene system of
the substrate and with molecular oxygen during catalysis.

Arachidonic acid is the key precursor of a
large family of potent physiological effec-
tors. It is the branch point leading to two
important pathways: one involves the en-
zyme cyclooxygenase and leads to the syn-
thesis of prostaglandins and thromboxanes,
whereas the other involves the lipoxygen-
ase enzymes and leads to the synthesis of
leukotrienes and lipoxins, compounds that
regulate cellular response in inflammation
and immunity (I, 2). Aspirin and related
compounds are potent inhibitors of cy-
clooxygenases, but no comparable thera-
peutic inhibitors exist for the other pathway
(1). This has led many laboratories to
pursue the development of lipoxygenase
inhibitors for use as anti-inflammatory
agents in aspirin-insensitive inflammations.
Lipoxygenases are enzymes containing
nonheme iron that use molecular oxygen in
the dioxygenation of arachidonic acid to
form hydroperoxides. Studies of lipoxygen-
ases have included detailed kinetic mea-
surements, cloning, expression, and site-
directed mutagenesis. Nevertheless, an-
swers to most of the fundamental structural
and mechanistic questions about these en-
zymes have remained elusive, in part be-
cause of the lack of an atomic resolution
model. We now describe the three-dimen-
sional structure of soybean lipoxygenase-1
(839 residues, 94,262 daltons), a homolog
of mammalian lipoxygenases (3, 4).
Lipoxygenases from both plant and ani-
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mal tissues have been purified and charac-
terized. In plants, the enzyme may partici-
pate in development, senescence, and in
the production of antibacterial compounds
(5). Sequences of 14 lipoxygenases have
been reported, and several have been
cloned and expressed as active proteins
(6-8). They form a closely related family
with no similarities to other known se-
quences. Crystals have been reported for
several of these enzymes (9). The iron
atom, which is essential for enzymatic ac-
tivity, exists in two oxidation states: Fe?*
and Fe?*; in both forms the iron is high
spin (spin 4/2 and spin 5/2, respectively)
(10). Spectroscopic data show that the
metal is bound to nitrogen- and oxygen-
containing groups in the protein; it appears
that heme or sulfur ligands are not present
(11-13). The sequences of lipoxygenases
share a highly conserved region of 38 amino
acids, with 5 being histidine residues (7). In
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addition, another conserved histidine oc-
curs at a distance of 149 to 170 residues
from the last amino acid in this group.
These six histidines have been suggested as
possible iron ligands.

Structure determination. Lipoxygenase-
1, purified by a modification (I13) of the
method of Axelrod (14), was crystallized
after more than a thousand crystallization
conditions were tested (I15). The crystals
have the symmetry of space group C2 and
cell dimensions a = 184.5 A, b = 125.6 A,
¢ =94.7 A, and B = 102.9° and contain
two molecules in the asymmetric unit (16);
the solvent content is 56 percent. Dissolved
crystals of enzyme had normal catalytic
activity, an indication that the iron was
retained during crystallization. The lack of
color and the absence of an electron para-
magnetic resonance (EPR) signal suggest
that the iron is in the ferrous state in the
crystal.

We calculated initial phases using three
heavy atom derivatives: potassium dicy-
anoaurate(I), mersalyl, and mercuric cya-
nide (Table 1). The local symmetry ele-
ment—a 141.8° rotation followed by a 22.5

translation—was used in phase improve-
ment cycles of density averaging and sol-
vent flattening. The final average figure of
merit was 0.82.

A sequence in the COOH-terminal por-
tion was identified and used to start model
building in both directions from this region
with the program CHAIN (17). Connect-
ing loops were in some cases difficult to
build, but getting back in phase with the
sequence of a helix or a sheet after building
a connecting loop presented no problems.
The complete polypeptide chain was traced
unambiguously with the exception of three
short loops on the surface of the protein
(residues 67 to 74, 115 to 121, and 365 to
375) and the first five residues of the NH,-
terminus, which all are in regions of the
map with poor or no electron density. The
initial model was refined by conjugate gra-
dient minimization with XPLOR (18) to an

Fig. 1. Stereo view of a section of the final 2F, — F electron density map at the iron center of
soybean lipoxygenase-1. The final model (in yellow) is superimposed on the electron density.
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R value of 21.4 percent for the 46,136
reflections with F = 50 between and 6.0
and 2.8 A resolution (R = 22.0 percent for
the 51,290 reflections with F = 0.0c) while
maintaining excellent geometry. The final
2F, — F_map is of consistently high quality
(Fig. 1) as are the omit maps, 2F, — F.
maps computed with structure factors cal-
culated without including the portion of
the molecule that was being plotted.
Overall structure. Lipoxygenase-1 is a
two-domain, single-chain prolate ellipsoid
of dimension 90 by 65 by 60 A (Fig. 2).
Domain I is an eight-stranded antiparallel 8
barrel with jelly roll-like topology that
comprises the 146 NH,-terminal residues
(Figs. 2 and 3). The interior of the barrel is

densely packed with hydrophobic side
chains; many of them are aromatic. This
domain is identical in connectivity to a
similar B barrel observed in the COOH-
terminal portion of human pancreatic lipase
(involved in colipase binding) even though
the two regions have no significant se-
quence similarity (19). Domain I makes
only a loose contact with the rest of the
molecule.

The major domain of the protein, do-
main II, comprises the COOH-terminal
693 residues in a bundle of 23 helices. Two
antiparallel B sheets lie flat on the surface
on opposite sides of the domain (Fig. 2).
Seventeen of the 23 helices are approxi-
mately parallel or antiparallel to each other

Table 1. Structure determination. Intensity data were collected at room temperature with a Siemens
area detector equipped with a Rigaku RU200 rotating anode generator and a graphite monochro-
mator. Data were processed with the package XENGEN (28). Scaling, phasing, and heavy atom
parameter refinement were done with programs in the package PROTSYS (29). Multiple isomor-
phous replacement phases were improved by successive rounds of solvent flattening (30) and
refinement of heavy atom parameters against the improved phases. On the basis of the heavy atom
positions, the noncrystallographic symmetry relating the two molecules of the asymmetric unit was
uniquely determined. Phases were further improved by iterative cycles of density averaging and
phase combination with a heavily modified version of an averaging program (37). Anomalous
scattering data from both derivatives were also used. During the phase improvement process, a
large number of maps were calculated on the basis of combinations of heavy atom phases, solvent
flattening, and symmetry averaging. Many of these maps showed outstanding resolution and
definition in certain regions of the cell. These maps were used as an aid for building in regions where
the final map showed poor density. The model was built manually with the program CHAIN (77), and
its positional and thermal parameters were refined by conjugate gradients with XPLOR (78). Low
weight constraints were introduced to maintain approximate noncrystallographic symmetry, and
values between 1.5¢ and 2.5¢ were used to constrain the temperature factors. During the last
stages of the refinement, a resolution-dependent weighting scheme was applied to the individual
reflections. Several water molecules were identified in relevant regions of the molecule but have not

yet been included in the refinement.

Data collection

Resolution Measure- Unigue reflections R
Data set (A) ments (%) (rg/sgge
Native (2 crystals) 25 215,702 60,462 (82.5) 7.6
Hg(CN), 2.8 81,790 38,514 (75.0) 5.8
Mersalylt 2.8 72,494 44,139 (87.9) 7.6
KAu(CN), 2.8 69,083 43,708 (87.0) 5.1
Phasing statisticst
Soaking
conditions
Average
- Conc. Time . isomorphous Phasing
Derivative (mM) (days) Sites difference Foontne$ powerl|
(%)
Hg(CN), 1.0 71, 6 16.7 0.46 2.26
Mersalylt 0.8 2 4 135 0.54 1.72
KAuU(CN), 1.0 2 2 11.8 0.70 0.68
Refinement statistics
Reflections (6.0 to 2.6 A) 46,136 (F > 507)
Nonhydrogen atoms 12,880 Solvent atoms 0
R value 0.214 Average B-factor 22.33 A2
rms deviation from ideality
Bond lengths 0.012A
Bond angles 3.28°
Improper torsion angles 1.36°
*Rrerge = ZpZlly — (IMN/Z42)l,), where h are unique reflection indices and i indicates symmetry equiv-

alent  indices.
C,3H,gHgNNaO,.

frene/ Emer Where f o = [(Ef 2/n]"2 and £, = [2(Foy —

rms

F2-[N--[3-(hydroxymercuri-2-methoxypropyl)carbamoyl]phenoxyacetic  acid,

sodium  salt;

$The combined figure of merit with the Hg(CN),, and mersalyl derivatives was 0.63. All data to
2.8 A resolution with F > 3o} were used. §Flcemrlc =

n(|F pn — Fel = lfH])/Eth on — Fel |Phasing power =
e + f2n)
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and surround a long central helix of 43
residues that extends along the longest di-
mension of the molecule (Figs. 2 and 3).
Although the central helix is surrounded on
all sides by other helices, regions on each
end are exposed to the solvent. The middle
portion of this helix, although buried, is
not predominantly hydrophobic. None of
the helices is completely hydrophobic, but
there is an extensive network of hydropho-
bic clusters in the domain, including five

_tryptophans that touch each other on one

side of helix 17.

Domain II contains two distinct 7 heli-
ces (a 7 helix, with hydrogen bonding
between residues i and i + 5 instead of i and
i + 4, is rare.) The 7 helices lie in the
middle of the two largest helices in the
molecule, and both contain residues serving
as ligands to the iron. The first 7 helix, in
helix 9, is the longest one reported so far for
a globular protein. It consists of 13 residues
(20) from His** to Ala®®. Two of these
residues, His**® and His>®*, are iron ligands.
The second 7 helix (six residues, 11e%® to
His®®) occurs in helix 18 and contains
His®°, the third iron ligand. The three-
dimensional structure of lipoxygenase-1 has
38 percent « helix and 14 percent B sheet.

Coordination of the iron. The iron in
lipoxygenase-1 is coordinated to four li-
gands at the center of domain II. The
coordination can be best described as a
highly distorted octahedron with two adja-
cent, unoccupied positions (Figs. 1 and 4
and Table 2). (An alternative description is
a tetrahedron in which one ligand position
is significantly distorted from tetrahedral
geometry.) Three of the coordination posi-
tions are occupied by the Ne of the three
histidine residues described above (His*?,
His***, and His®®), and the fourth position
is occupied by an oxygen of the COOH-
terminus (residue I1e83°). The carboxylate
provides the only negative charge in the
immediate vicinity of the iron. The oxygen
is about 1.5 away from the position
expected for a tetrahedral arrangement,
resulting in an O-Fe-N angle with the Ne of
His*® of 150.8° (164.6° in molecule 2),
close to the 180° angle expected for octa-
hedral coordination (Table 2). The three
Fe-N and the Fe-O distances (Table 2) are
similar to other distances observed in small
molecule iron complexes (21). The plane
defined by the Ne atoms of the three imid-
azole ligands can be considered the base of
the distorted tetrahedron. The planes of all,
three imidazole rings are perpendicular to
this base. All the C3-Ne-Fe and Ce-Ne-Fe
angles formed by the ligands are close to
120°. Two of the Fe-Ne bonds are in the
plane of their imidazole rings. The third
Fe-Ne bond (His*?), in contrast, makes a
33.0° angle with the plane of the imidazole
ring, suggesting the possibility of sp> hybrid-
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ization for this nitrogen (Figs. 1 and 4).
Although it is possible to build the side
chain at the position of His**® in a confor-
mation similar to that of the other two
histidine ligands, electron-density maps
calculated with this residue omitted indi-
cate clearly that the imidazole ring occupies
the position described above. The orienta-
tion of the three histidine ligands is deter-
mined by their locations in regions of
helices and by their participation in a net-
work of hydrogen bonds mediated by both
main chain and side chain atoms (Figs. 1
and 4). The N3 of His**® is hydrogen-
bonded to the side chain of GIn**® at the
beginning of a series of hydrogen bonds that
connect GIn®®7, Asn®®*, and the main
chain carbonyl of Leu’*. The N§ of His**4
is hydrogen-bonded to the side chain of
Asn*°. Similarly, His®®° appears to be hy-
drogen-bonded through a water to the main
chain carbonyls of Ser®3¢ and Ser®®’. The
N3 of Asn®4, which is part of this network,
is only 3.3 A from the iron and very close to
the unoccupied coordination position op-
posite to His’®*. In all lipoxygenases, the
Asn® is highly conserved and it is replaced
by histidine in only four of the sequences.

The coordination of the iron with only
four ligands in a distorted octahedral ar-
rangement leaves two unoccupied ligand
positions. Because the spectroscopic evi-
dence (22) suggests more than four iron
ligands, the possible presence of fifth and
sixth ligands (such as a water molecule or a
hydroxyl group) was investigated in detail.
Difference (F, ~ F) maps and 2F_  — F,
maps calculated with data from 50 to 2.6

in the region close to the iron showed no
significant density in the position expected
for these ligands (Fig. 1). It is possible,
however, that these positions become oc-
cupied during the catalytic cycle of the
enzyme. Given the information presented
in this article it would be useful to reeval-
uate the EXAFS, Mossbauer, and other
spectroscopic data.

Tetrahedral iron is not common in small
molecule complexes of either Fe?* or Fe?*,
which appear to favor the formation of
six-coordinate octahedral complexes. How-
ever, ligand coordination similar to that of
lipoxygenase has been observed in iron
superoxide dismutase (23). In both pro-
teins, the iron is coordinated by three
histidines and one carboxylate, the termi-
nal carboxylate in lipoxygenase and a glu-
tamate in superoxide dismutase. Both pro-
teins have similar Fe-O and Fe-N distances,
but the coordination is distorted from the
tetrahedron in a different manner in the
two structures, being closer to a trigonal
bipyramid in superoxide dismutase. The
similarity of the iron centers is not a con-
sequence of an overall similarity between
the two proteins because they have no
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sequence similarity and completely different
folding patterns. Even the structural ele-
ments that provide the side chains for iron
coordination differ in the two proteins.
Internal cavities. The coordinated iron

Fig. 2. Schematic diagram
of the three-dimensional
structure of soybean lipoxy-
genase-1. The a helices are
represented by cylinders,
the strands in the B sheets
by arrows, the coils by nar-
row rods, and the iron by a
yellow ball. Only three of the
four iron ligands are shown.
Domain |, consisting of a
single B barrel, is on the left.
Domain Il contains the iron,
all the helices in the struc-
ture, and two small B sheet
structures that lie on the sur-
face of the enzyme.

faces two large internal cavities that can
connect the metal to the exterior of the
molecule. Cavity I is conical and forms a
tunnel that connects the position opposite
to the Ne of His’** to the surface of the

Fig. 3. Schematic diagram of the secondary structure of soybean lipoxygenase-1. The helices are
represented by shaded rectangles, the 8 sheet strands by the arrows, and the connecting loops by
continuous lines (20). Domain | is to the left of the vertical dotted line and domain Il is to the right.
The B strands (1 to 16) and the helices (1 to 23) are numbered in the order in which they appear in
the structure. Helices represented as vertical rectangles are almost parallel (average angle 28°) to
the major helix, number 9, and the horizontal ones are almost perpendicular (average angle 73°) to
it. The lengths of the rectangles are approximately proportional to the length of the helices. Dotted
lines represent regions that were not built into the model. In domain | the eight strands extend
between the following residues: strand 1, 7 to 15; strand 2, 40 to 48; strand 3, 57 to 65; strand 4,
78 to 85; strand 5, 95 to 102; strand 6, 106 to 114; strand 7, 123 to 131; and strand 8, 141 to 145.

Fig. 4. Stereo view of the iron center in lipoxygenase-1. The residues His*9®, His04, His®90, and the
terminal carboxylate group of 11e83° are directly coordinated to the iron. Dotted lines are hydrogen

bonds.
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protein (Fig. 5). The tunnel is 18 A in
length. It is 8 A in diameter for most of
its length but widens to 11 A at the surface
and narrows to 2.5 A close to the iron
center. The sides of the tunnel are lined by
the side chains of 29 residues, most of
which are hydrophobic (24). Some of these
residues are conserved (or have only con-
servative substitutions) among all se-
quenced plant and mammalian lipoxygena-
ses. This tunnel presents an ideal path for
the movement of molecular oxygen from
the outside into one of the two unoccupied
coordination sites of the iron.

Cavity II faces the terminal COO~ and
two of the histidine ligands (His**® and
His®*#). This 40 A long, narrow cavity (less
than 3.5 A in some places) changes direc-
tion by more than 90° at two places (Fig.
5). One bend is adjacent to the iron center,

close to the end of the cavity. Arachidonic
acid (C,y), or even a slightly larger fatty
acid, can fit snugly into the end of this bent
region, toward the innermost portion of the
cavity. Arachidonic acid bound in this
manner would approach the iron with the
11,14-diene system opposite His®%°. Se-
quence comparisons of the different lipoxy-
genases reveal a high degree of conservation
for the 46 residues lining this cavity (25).
Most of the residues are either hydrophobic
or neutral with the exception of Glu*#°,
Asp*, and three positively charged resi-
dues—His***, Arg’™?, and Lys*3. The

Lys*®3 is near to the surface of the protein,

but the other four residues are internal.
Approximately in the middle, at the other
bend, this cavity becomes narrow but can

be widened by a small rearrangement of the
side chains of Arg’®? and Val®**.

Fig. 5. Location of cavities | and Il in lipoxygenase-1. The surfaces of the cavities, represented by
dots (33), are superimposed on the a carbon trace of the enzyme. Cavity | is in green, cavity Il is

in violet, and the iron is in orange.

Table 2. Coordination geometry at the iron center. The geometry for both molecules in the
asymmetric unit (monomer 1 and monomer 2) is displayed. OT2, COO~ terminal oxygen number 2.

Metal-ligand distances (&)

Bonds Monomer 1 Monomer 2
Fe-His*°°Ne 2.29 2.27
Fe-His5%“Ne 213 2.24
Fe-His®%Ne 2.19 2.19
Fe-11e83°0T2 2.07 2.08

Ligand-metal-ligand angles (degrees)

Angles Monomer 1 Monomer 2
His*®*Ne-Fe-His5%4Ne* 102.6 102.2
His*®®Ne-Fe-Hisf9Ne* 100.9 109.6
His5%4Ne-Fe-His®9Ne* 104.0 101.4
His®9%°Ne-Fe-11e83°0T2* 78.1 73.5
His5%4Ne-Fe-lle83°0T2* 106.0 91.7
His*9°Ne-Fe-11e83°0T2t 150.8 164.6

*109.5° in a tetrahedron and 90.0° in an octahedron.

1109.5° in a tetrahedron and 180.0° in an octahedron.
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The largest cavity is observed in the
region between domains I and II. It is an
oblate ellipsoid of dimension 11 by 18 by 19

and is connected to the surface by a
short, narrow elliptical channel with a cross
section of approximately 5 by 7 A. This
cavity, like the other two, is lined mostly by
hydrophobic or neutral residues. It is nei-
ther close to nor connected with the other
cavities or the iron site; it may be simply an
interdomain space.

Structure of other lipoxygenases. The
sequences of the three soybean lipoxygena-
ses are similar; pairwise comparisons show
identities of as great as 81 percent, with
most substitutions being conservative.
Analysis of the locations of the least con-
servative mutations and of the deletions
and insertions in the structure of lipoxyge-
nase-1 suggests that even these changes
would be easy to accommodate without
major changes in the structure.

The structure of soybean lipoxygenase-1
offers a natural explanation for the differ-
ence in length between the plant and mam-
malian enzymes. The plant enzymes con-
tain both domains I and II, but in the
mammalian enzymes only domain II is pres-
ent. There are, in addition, five regions in
domain II of the mammalian enzymes that
have long deletions with respect to soybean
lipoxygenase-1: the loop between helices 5
and 6, the loop between helices 14 and 15,
the region corresponding to the COOH-
terminal end of helix 19, the NH,-terminal
end of helix 20 and the intervening loop,
and the short helix 23 and the following
loop. These regions all occur in solvent-
exposed regions of the structure where they
can be accommodated without major
changes in the overall structure, suggesting
that the structure of domain II of soybean
lipoxygenase-1 can provide a good initial
model for the interpretation of mutational
and other data in the animal enzymes.

Single amino acid replacement at three
of the six conserved histidines in soybean
lipoxygenase-1 (His**®, His***, and His®)
(7) or in human 5-lipoxygenase (26) pro-
duces completely inactive enzymes. Re-
placement of any one of the other three
histidines (His*4, His®??, and His*3};
His*¢2, His**°, and His**® in human 5-lip-
oxygenase) produces enzymes with re-
duced but detectable enzymatic activity.
The only other mutation that produces a
completely inactive enzyme is the deletion
of the six COOH-terminal amino acids of
the soybean enzyme. As mentioned above,
the terminal COO~ provides the fourth
iron ligand and the only negative charge
in the vicinity of the iron. The terminal
COO~ reaches the iron as part of a long
strand that extends from the surface of the
molecule to the internal position occupied
by the metal. If the strand were to be
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shortened by six residues, it would be impos-
sible for the terminal COO~ to approach
closely enough to the metal to act as a
ligand. Thus, only mutations that change
iron ligands produce completely inactive
enzyme.

Mechanism of lipoxygenases. In the
catalytic mechanisms proposed for lipoxy-
genase, the Fe** form of the enzyme ab-
stracts one electron from the fatty acid
substrate, and a base on the enzyme accepts
a proton from the 3 position of the substrate
1,4-pentadiene. The resulting intermediate
could be described as having an Fe3*-
carbon bond to substrate or an Fe?*-sub-
strate free radical complex. Molecular oxy-
gen reacts with the intermediate, regener-
ating Fe3™ and producing a peroxidate an-
ion. The peroxidate then receives the
proton from the base on the enzyme to give
the hydroperoxide product (4, 27).

The structure of lipoxygenase-1 suggests
how some of these events might occur in
the peroxidation of, for example, arachi-
donic acid. The fatty acid enters cavity II
after small movements of the side chains of
Leu*®® and Met**. In the cavity, arachi-
donic acid approaches the iron such that
the 11,14-diene system moves into the
unoccupied octahedral position opposite
His®°. Possible candidates for the base that
accepts the proton are the Ne of His**® and
the second oxygen of the terminal COO~
(1e®). Abstraction of the pro-S (Lg) pro-
ton from C-13 and interaction of Fe?*
with C-15 to form an Fe-C bond or Fe?*
and a free radical can occur in this arrange-
ment. Molecular oxygen enters the mole-
cule through the tunnel and coordinates
with iron in the unoccupied position oppo-
site the Ne of His’**. (The side chain of
Asn®* can reorient and form a hydrogen
bond with the bound oxygen.) In this
situation, molecular oxygen is in a location
well suited for reacting with C-15 of the
arachidonic acid to produce a peroxidate
anion and Fe3*. The peroxidate anion is
protonated and released, and the coordina-
tion of the iron returns to that at the
beginning' of the catalytic cycle. This se-
quence of events is compatible with most
experimental evidence and incorporates the
salient features of the three-dimensional
structure.
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