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ABSTRACT. A complex between native, iron(ll) soybean lipoxygenase 3 and 4-nitrocatechol, a known
inhibitor of the enzyme, has been detected by isothermal titration calorimetry and characterized by X-ray
crystallography. The compound moors in the central cavity of the protein close to the essential iron atom,
but not in a bonding arrangement with it. The iron ligands experience a significant rearrangement upon
formation of the complex relative to their positions in the native enzyme; a water molecule becomes
bound to iron in the complex, and one histidine ligand moves away from the iron to become involved in
a hydrogen bonding interaction with the catechol. These changes in position result in a trigonal pyramid
coordination geometry for iron in the complex. Molecular modeling and force field calculations predict
more than one stable complex between 4-nitrocatechol and the central cavity of lipoxygenase 3, but the
interaction having the small molecule in the same orientation as the one found in the crystal structure was
the most favorable. These observations reveal specific details of the interaction between lipoxygenase
and a small molecule and raise the possibility that changes in the ligand environment of the iron atom
could be a feature of the product activation reaction or the catalytic mechanism.

Lipoxygenase catalysis is an important aspect of polyun- is completed when the intermediate formed in the rate-
saturated fatty acid metabolism in both plants and animalslimiting step combines with molecular oxygen, and the
as the enzyme inaugurates the biosynthesis of several familieproduct dissociates, leaving the enzyme in the iron(lll) state
of important mediators of physiological processe®j. The for subsequent reaction cycles. While spectroscopic, kinetic,
lipoxygenases from soybeans can be isolated in largeand even model studies have provided a wealth of informa-
amounts for detailed physical studies and have been exten+tion about the catalyzed reaction and the role that iron plays
sively characterized3]. The soybean enzyme is a large (95 in it, the means by which the catalytic effect is achieved by
kDa) monomeric protein bearing a single non-heme iron the protein is still a matter for investigation.
cofactor. Spectroscopic studies (JVis, EPR! Mossbauer, The molecular basis for understanding lipoxygenase
MCD, and EXAFS) have demonstrated that the iron atom catalysis is just beginning to emerge. The structures of two
plays a pivotal role in the catalytic mechanist-8). The soybean lipoxygenase isoenzymes and the rabbit reticulocyte
lipoxygenases isolated from soybeans, referred to as nativeenzyme have been determined recently by X-ray crystal-
enzymes, contain iron(ll). A reaction with the product of lography (3—16). The structures of these native proteins
catalysis, 13p-hydroperoxy-9%),11(E)-octadecadienoic acid, were found to consist of two domains, a smaller N-terminal
results in conversion to iron(lll) and concomitant activation eight-strandedgs-barrel motif and a larger C-terminal,
of the enzyme. The product abolishes the distinctive lag predominately-helical domain. The iron atom is in a buried
phase observed in initial rate kinetic studies conducted with location within the larger domain, accessible from the surface
the native enzyme9( 10). of the molecule through hydrophobic channels or cavities.

The rate-limiting step in lipoxygenase catalysis is hydrogen Molecular modeling of substrate binding has shown that a
abstraction11). Evidence for hydrogen tunneling in this step Polyunsaturated fatty acid molecule can be accommodated
has been discovered in the form of very large, temperature-in the channels near the iron site in a variety of ways.
independent kinetic isotope effects?]. The catalytic cycle The binding of small molecules to lipoxygenases, e.g.,

inhibitors, is of considerable practical importance because

T This research was supported financially by a grant from the National of the potential therapeutic value of lipoxygenase inhibition

Institutes of Health (GM 46522) and the DeArce Memorial Endowment (17) The structure of th? rabb!t r?t!cmocyte enzyme was
for Biomedical Research at the University of Toledo. obtained as a complex with the inhibitor RS75096)( The
zUnIV_erSIty of Toledo. compound was located in one of the hydrophobic channels
12":3"3"".' College of Ohio. . _ near the iron site. The carboxylate substituent of the inhibitor
reviations: EPR, electron paramagnetic resonance; MCD, . S . .
magnetic circular dichroism; EXAFS, extended X-ray absorption fine Was found close to but not in a bonding interaction with the

structure; esff, extensible systematic force field. iron atom. The oxidation state of the rabbit enzyme in the
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crystals was presumably iron(ll), the same as it was in the Time (min)
previously determined structures of the soybean lipoxyge- -10 0 10 20 30 40 50 60 70 80
nases. These observations provided the first indications of Sy T
how the native enzyme can interact with potential ligands. 04 7
Certain catechols are inhibitors of lipoxygenase catalysis
(18). They form complexes with the iron(lll) state of the
enzyme. The 4-nitrocatechol complex, for example, has been
characterized in spectroscopic and kinetic studi€s Z0).
The data were consistent with the stepwise formation of a
bidentate iror-catecholate complex. The results of our T - . " .
investigation of the lipoxygenaseatechol interaction by
X-ray crystallography, molecular modeling, and isothermal
titration calorimetry are reported here. We find that the
native, iron(ll) lipoxygenase 3 interacts with catechols in a
process that yields an apparent stoichiometry for binding of
<1 in isothermal titration calorimetry experiments. A binding
site was, however, identified in electron density difference
maps from X-ray crystallographic data obtained from crystals 0.0 ' 05 ' 10
of the native enzyme treated with catechol. The observed Molar Ratio
mode of catechol binding is supported by molecular modeling Ficure 1: Isothermal titration calorimetry of native, iron(ll)
calculations. The position of the catechol in the lipoxygenase |ip%XY%%U?SG vavi5th Iil-niltrocitec?odlf- (TtOP) |_t|eakt1 Clhag%e ai/ISO(t?iated
3 complex,adjacent 0 the nor-fee on but at a nonbond- L Ao o Sut, Higuete o Eriiocateshol G i)t
ing @stance, is a rgasonabl_e candidate for the product bindingy 457 goc. (Bottom) Binding isotherm.
site in the activation reaction.
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4-nitrocatechol for 2640 h. The crystals turned a golden
MATERIALS AND METHODS yellow color, and two were used for data collection. The

Materials. Lipoxygenase 3 was obtained from soybeans measurements of the X-ray data for the structuraj analysis
cv. Resnik by extraction, differential ammonium sulfate Were taken on crystals mounteddnl mm glass capillaries
precipitation, dialysis, and chromatofocusingl The  ©n an RAXIS IV detector with dual plates and focusing
specific activity of the enzyme was at least 16 000 unitsimg ~ Mirrors, and a rotating Cu anode, set at 100 mA and 50 kV,
using linoleic acid solubilized with Tween 20 at pH 72 using 2 oscillation frames with exposure of 15 min per frame
4-Nitrocatechol was obtained from Aldrich. 3,4-Dihydroxy- and a 120 mm crystal-to-plate distance. Data were collected
benzonitrile was obtained from Lancaster. All other reagents at room temperature to avoid a space group transition that
were of the highest purity available. accompanies freezin@4). A total of 183 617 reflections

Isothermal Titration CalorimetryThe enthalpy of binding ~ Were processed and integrated together, giving 50 343
was determined by titrating a 1.4 mL, 1418 xM solution reflections to 2.15 A resolution with 99% completeness and

of the enzyme with 3.8 1 mM catechol in 0.1 M Tris-HCI @1 Rmerge (0N I) 0f 7%. The structure was solved using the
buffer at pH 8.0 using an Omega titration calorimeter molecular _replacement method with native lipoxygenase 3
(MicroCal, Northampton, MA). The cell was thermostated S the starting model (PDB entry 1LNH with subtrac'Fed water
to +£0.1 °C using a circulating bath. In all cases, the molecules). The d|ffract|or1 data were processed Wlth Denzo
concentration of lipoxygenase 3 was determined using an@1d Scalepack). The refinement was conducted in X-plor
€280nmOf 120 000 L mott cmtin 0.1 M Tris-HCI buffer at (26)_' ) _ _ )
pH 8.0 and a monomer molecular mass of 95 000 ZR. ( _Slmulanonsl_\/lolecular 3|_mulat|ons were carried outon a
The enzyme was oxidized by treatment with the product of Silicon Graphics Inc. Indigo2Impact computer using the
catalysis, 13-hydroperoxy-E),11()-octadecadienoic acid, ~ Insightll program package from Molecular Simulations, Inc.
as previously described2g). Catechol solutions were (27). The protein, due to its size, had to be restricted to a
prepared by weighing out a known amount of compound sphere with a 20 A radius around the iron atom. This volume
and dissolving it in 0.1 M Tris-HCI buffer at pH 8.0. The contained the central cavity, and channels and allowed for
enthalpy of binding between catechol and lipoxygenase WaSmovement of the cat_echol in this y|C|n|ty. The esff force
determined from heats of multiple single injections. Injection fiéld was used to assign the potentials and charges, and the
volumes were %L, and an equilibration time of 3 min was Modules Docking (in Discover) and Analysis were used to
allowed between injections. The heat of dilution of each conduct the calculations and to evaluate the results. Hydrogen
catechol in buffer was determined. The protetatechol ~ atoms were assigned according to pH 5.3, the pH at which
titration heat was adjusted by this small contribution. the crystals were obtained and stored.

The binding constank, and the number of binding sites, RESULTS
n, were obtained from the calorimetric data employing the
Origin data analysis supplied with the Omega titration  |sothermal Titration Calorimetry of Lipoxygenase 3 with
calorimeter. A complete description of the data analysis has Catechols Addition of aliquots of a 4-nitrocatechol solution
been published2g). to a solution of native lipoxygenase 3 at pH 8 in the

Crystallography. Native lipoxygenase 3 crystals were microcalorimeter produced the binding isotherm shown in
soaked in a solution containing a 10-fold molar excess of Figure 1. The thermodynamic parameter&, AH, AG, and
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of 1 x 10° M~. Although theASis negative in both cases,
the large error associated with this term makes analysis of
the entropic component difficult. Regardless of this difficulty,

Table 1: Interaction between Iron(ll) Lipoxygenase 3 and Catechols

parameter 4-nitrocatechol  3,4-dihydroxybenzonitrile

R 10 (M1 g'iiz 01 gléliooé% it is clear that the association between the catechols and
AH (kcal molY) —6+1 —10+2 oxidized lipoxygenase 3 is enthalpically driven.

AG (kcal mol?) —-7.840.2 —-6.7+0.2 Crystallography of the Lipoxygenasd-Nitrocatechol
AS(cal molt K 5+4 —12+7 Complex.A summary of the experimental data is given in

Table 3. The first electron density maB, — F, clearly
showed the position and shape of the catechol moiety (Figure
3) and a possible shift in the position of the water molecule
near the iron atom. Force field calculations were performed
to guide the relative orientation of the catechol. The

Table 2: Interaction between Iron(lll) Lipoxygenase 3 and
Catechols

parameter 4-nitrocatechol  3,4-dihydroxybenzonitrile

EX 10°5(M) é'igzi 0.07 Zlfio'l refinement indi(_:ates tha_t cat.echol p'rovides. only partial
AH (kcal mold) —9.1+0.7 —10+2 occupancy and is not an iron ligand. Figure 4 illustrates the
AG (kcal molt) -75+0.3 -7.2+£0.3 iron binding site [refinement in X-plor based on 41 149
AS(calmo*K™)  —5+3 —8+8 reflections from 10 to 2.2 AF, > 20(F,), 6709 non-
hydrogen atomsR = 0.25, Ryee = 0.31 at this stage, and
Time (min) occupancy of 0.53 for 4-nitrocatecRpl
10 0 10 20 30 40 50 60 70 80 Assimilation of the catechol into the central cavity of the
0- ' ' ' ' ' ' ' ' i three-dimensional structure caused the relocation of the water
1 molecule and the rearrangement of the amino acids at the
3 '2'_ ] iron binding site. The biggest change is for His-518. The
L2 4 - imidazole ring is twisted away from the iron cofactor to
© .. . . .
S .. ] participate in hydrogen bonds uniting the nitro group of the
| catechol with nearby residues: Asn-713 and the water
-8 molecule that binds to iron. The metal cofactor is coordinated
- ol l l ' ' ' T ™ by His-523, His-709, water, and the oxygen (OXT) from
5 ; the C terminus of lle-857. The other oxygen (O) from lle-
3 27 ] 857 forms a hydrogen bond with one OH group from the
£ -4 y catechol. The X-ray data therefore show that in the case of
“S 64 4 iron(Il) the catechol does not bind to iron and does not have
S gl ] full occupancy, and its incorporation into the enzyme changes
E ] the neighborhood of iron and its coordination.
_;3 -10] . il IE——— Molecular Simulations of the Lipoxygenase & Nitro-
00 05 1.0 15 20 25 3.0 35 catechol ComplexTo further assess the ligangrotein
Molar Ratio interaction, docking and energy minimization calculations

Ficure 2: Isothermal titration calorimetry of iron(lll) lipoxygenase

3 with 4-nitrocatechol. (Top) Heat change associated with addition
of 5 uL aliquots of 4-nitrocatechol (3.8 mM) to product-oxidized
lipoxygenase 3 (1.4 mL, 144M) and 0.1 M Tris-HCI at pH 8.0

were conducted for the assembly of lipoxygenase 3 and
4-nitrocatechol. After a series of fix docking calculations,

three structures with the lowest potential energy were the
subject of molecular dynamics calculations. The structures

d 27.0°C. (Bott Binding isoth . . ’
an (Bottom) Binding isotherm with the lowest potential energy were chosen as the most

AS extracted from the calorimetric data are contained in probable representatives for analysis of a variety of combina-
Table 1. Surprisingly, the calorimetric data showed that a tions of protonation and tautomeric states for the catechol.
substoichiometric amount of 4-nitrocatechol interacted with In all of the calculated structures, 4-nitrocatechol was
native lipoxygenase 3. The experiments were repeatedpositioned in the central cavity near the iron cofactor
numerous times and always resulted in substoichiometric coincident with the unoccupied electron density in the
ligand binding (25-50%). The interaction of 3,4-dihydroxy-  difference map. The nitro group in 4-nitrocatechol was
benzonitrile with native lipoxygenase 3 was also investigated oriented away from the iron atom, and the hydroxy! groups,
and found to exhibit the same behavior. The results of thesewhether protonated or deprotonated, were turned toward the
experiments are also described in Table 1. It is apparent fromiron. The lowest potential energy as well as the lowest total
these data that the interaction of the ligand with lipoxygenaseenergy was observed for dideprotonated 4-nitrocatechol.
3 is enthalpically driven in both cases and that 4-nitrocatechol However, double dissociation at pH 5.3 for catechol not
has a higher affinity for native lipoxygenase 3 than 3,4- coordinated to iron seems unlikely to occur. The second
dihydroxybenzonitrile. lowest potential energy was observed for the structure
Oxidation of the iron atom in lipoxygenase 3 resulted in deprotonated at the para position. The molecular dynamics
uptake of additional catechol. The thermodynamic parameterscalculations showed that structures resulting from deproto-
for 4-nitrocatechol and 3,4-dihydroxybenzonitrile are con- nation at the meta and para positions exhibited comparable
tained in Table 2, and the result of a typical titration total energies. The nonbonded intermolecular interactions
experiment with 4-nitrocatechol is presented in Figure 2. The between protein and 4-nitrocatechol were, however, stronger
interaction of the ligands with oxidized lipoxygenase 3 is for the meta isomer. Therefore, it is possible that this form
exothermic in both cases by approximatetyl® kcal mot™,
and the binding affinity K) of both ligands is on the order

2PDB code 1BYT.
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Table 3: Statistical Evaluation of Data for Soybean Lipoxygenase 3 Crystals with 4-Nitroc&techol

monoclinic,C2,Z=4 native with 4-nitrocatechol

a 112.8 112.9

b 137.4 137.5

c 61.9 61.9

p 95.5 95.5
shell limit (A) average normal linearR completeness

upper lower I error stat Vi factor R? (%)

40.00 4.63 9344.9 259.5 101.0 2.300 0.044 0.052 92.5
4.63 3.68 8951.1 307.3 123.9 2.338 0.059 0.069 97.6
3.68 3.21 4589.8 237.7 116.5 1.545 0.073 0.079 99.4
3.21 2.92 2277.8 189.9 109.4 1.047 0.095 0.096 99.9
2.92 2.71 1353.7 172.2 107.0 0.783 0.124 0.120 100.0
2.71 2.55 944.7 153.6 105.2 0.725 0.153 0.148 99.9
2.55 2.42 709.0 151.0 105.3 0.635 0.184 0.171 99.8
2.42 2.32 536.7 149.8 107.0 0.595 0.229 0.211 99.7
2.32 2.23 421.1 158.8 109.1 0.516 0.278 0.255 99.7
2.23 2.15 326.6 152.7 109.7 0.514 0.346 0.310 99.3
all 50 343 reflections 2901.7 192.7 109.4 1.111 0.079 0.068 98.8

a Summary of intensities and factors by shellsRjnear = Z|(I — OYVE(1). R? = Z[(1 — xeUDP)/Z(19). x? = Z[(I — xelDP)/[error? x N/(N — 1)].

—— 5.00A
Ficure 3: Electron density mapH, — F.) calculated with the protein model only showing the location of 4-nitrocatechol (stereoview).

is stabilized by lipoxygenase and represents the mostlow-energy structures coincided with the crystal structure.

probable structure. It is therefore evident that at least a fraction of the
lipoxygenase 3 molecules in the solid and solution samples
DISCUSSION formed complexes with catechols.

Using isothermal titration calorimetry, an interaction  The less than stoichiometric association could be the result
between native, iron(ll)-containing lipoxygenase 3 and two of an interaction that is more than a simple one-step
catechols has been detected. This technique is uniquely suite@ssociation equilibrium. Nelson has previously demonstrated
for this since the complex would not be expected to have that iron(lll) lipoxygenase 1 forms a 1:1 complex with
any distinctive spectroscopic features. The substoichiometriccatechols in a process that consists of at least two steps and
ratio of ligand to protein obtained in the titrations was may involve a noncovalent complex as one of the intermedi-
unanticipated. The reproducibility of the experiment provides ates g0). Catechol binding to native lipoxygenase 3 at least
convincing evidence that the values are correct. Further,in the crystals does not involve any significant conforma-
oxidation of the enzyme to the active iron(lll) form yields tional change in tertiary or secondary structure of the protein.
additional stoichiometric binding of the ligand as expected Additional conformational states could represent discrete
for the formation of a 1:1 complex (vide infra). The formation intermediates in the overall process. Aside from the presence
of a complex between catechol and native lipoxygenase isof the density which can be attributed to the 4-nitrocatechol
supported by the discovery of unassigned electron densitymolecule and the rearrangement of residues in the iron
which can be attributed to 4-nitrocatechol in electron density binding site, the electron density difference maps do not
difference maps for crystals of the protein soaked with a reflect any significant differences in structure when the bound
solution of the catechol. Interestingly, the refinement points and free forms are compared. It is also possible that the
toward partial occupancy for the ligand in the protein stoichiometry reflects a lack of stability of the complex. For
molecules of the crystal. Molecular modeling further con- example, the formation of the catechalon(lll) complex
firms the potential for the formation of a stable ligand protein of lipoxygenase 1 gradually results in reduction of the
complex, and the orientation of the catechol in each of the cofactor and release of the semiquinone. It is hard to imagine
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found three channels (relative to two in the case of lipoxy-
genase 1) connecting the surface of the molecule with the
iron site (L5). Therefore, there are additional candidate sites
for ligand binding in the lipoxygenase 3 molecule. Unfor-
tunately, we do not yet have detailed structural information
for the complexes of the oxidized form of the enzyme.
Examination of the available space indicates that a second
catechol molecule could approach the iron between His-709
and Asn-713. However, this requires some adjustments to
avoid steric constraints in this area, and the calculated energy
for such a complex is approximately 20 kcal/mol higher than
that for the complex corresponding to the observed X-ray
structure.

The crystallographic experiments on the lipoxygenase 3
complex with 4-nitrocatechol provide several new insights
into the coordination environment of the critical iron cofactor.
For example, an important issue in lipoxygenase chemistry
is whether a water molecule is a ligand to iron. The current
working hypothesis for the mechanism of action of lipoxy-
genases invokes proton abstraction from C11 (in linoleic
acid) concomitant with electron transfer to the iron atom.
Hydroxide bound to iron has been proposed to be the basic
component of the enzyme2®). There is spectroscopic
evidence for a water molecule bound to the iron(lll) form
of lipoxygenase 129), and a bound water molecule was
found in the crystal structure of lipoxygenase 1 determined
at 100 K. The X-ray structures of lipoxygenase 1 and
lipoxygenase 3 obtained at room temperature showed a
solvent molecule approximated A from the metal cofactor,
and no other molecules in the central cavity around the iron
site, indicating highly dynamic disorder of solvent. In the

—- 2.00A

Ficure 4: Comparison of the superimposed structures (@sd
of <1 A) of lipoxygenase 1 (thin line), native lipoxygenase 3 (dotted
line), and the lipoxygenase-3i-nitrocatechol complex (thick line).

what the corresponding chemistry would be for the iron(ll)
form of the enzyme, although molecular oxygen is not
excluded from the titration experiments and could play a role.
There is certainly no evidence for the formation of quinone
in the UV—visible spectra of samples of the native enzyme
treated with catechol in our experiments or in previous lipoxygenase 34-nitrocatechol complex, a water molecule
reports on this subjectl8, 19). The isothermal titration  is within bonding distance of the iron atom and coincides
calorimetry experiments are by nature equilibrium measure- with the position of the water molecule reported for lipoxy-
ments. Therefore, they cannot be expected to provide agenase 1 at 100 K. A comparison of frozen lipoxygenase 1,
description of the pathway for what may be a multistep native lipoxygenase 3, and its catechol complex (Figure 4)
process. They do however reveal for the first time a shows that catechol takes the place occupied by the solvent
significant interaction between the catechols and native at 4 A, pushing the water molecule toward iron to become
lipoxygenase 3. It was the observation of binding in the a ligand.

titrations that prompted us to consider crystal soaking
experiments for the native enzyme with 4-nitrocatechol.
The conversion of iron(ll) to iron(lll) in lipoxygenase is

The crystal structure also demonstrates that 4-nitrocatechol
could be complexed to the enzyme without becoming
coordinated to the iron atom. There are very few iror{ll)

accomplished by treatment of the enzyme with the product catechol complexes reported in the literature in comparison

of catalysis, 13-hydroperoxy-8),11(E)-octadecadienoic acid.

to iron(lll) complexes which are numerous, and there are

The catechol complexes of iron(lll) lipoxygenase 1 have been literally no thermodynamic data available for the associated

characterized in spectroscopic and kinetic studie; 20).
For example, the complexes have distinctive -UXsible,

equilibria 30, 31). Therefore, there is little precedence for
a strong bonding interaction, and one is not observed for

Raman, and X-ray absorption features. Further, the rate ofthe iron in native lipoxygenase 3 and 4-nitrocatechol.
the formation of the complexes revealed that the process The difference between the position of His-518 in the
occurs in steps with at least one intermediate. The spectro-three-dimensional structure of the complex with 4-nitrocat-

scopic evidence was consistent with the formation of a

echol and its location in the native protein is also notable as

bidentate complex between the catechols and iron(lll). The it represents a distinct change in the coordination sphere of

intermediate might involve either a monodentate ion

catechol interaction or a noncovalent complex. The isother-

mal titration experiments show that oxidized lipoxygenase
3 additionally binds approximately 1 mol more of each
catechol in comparison to the native enzyme. This would
be consistent with the formation of a 1:1 complex of the
catechol with the iron atom. The protein apparently retains

the essential cofactor iron atom. His-518 is relocated from
its previous position as an iron ligand. By twisting the
imidazole ring away from iron, it forms a link in a tightly
woven hydrogen bonding network (Figure 5) that incorpo-
rates the catechol and surrounds the iron site: 1le-857-0OT1
--p-OH-catechol-N@---ND1-His-518-NE2--OD2-N713-
ND2---O-Leu-773/stacking interaction Phe-7?1-4is-776/

the ability to associate with catechol in a nonchelate fashion Glu-780-OE2%--OG-Ser-856-11e857-OT2-Fe and Asn-558-

as the overall stoichiometry 81 for the oxidized enzyme.

OD1---ND1-His-523-NE2-Fe-NE2-His-709. In this regard,

In the lipoxygenase 3 isoenzyme structure, we previously it is also notable that in the native enzymes, both lipoxyge-
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Ficure 5: Hydrogen bonds near the iron binding site upon
assimilation of 4-nitrocatechol.

nase 1 and lipoxygenase 3, His-518 has the highest temper- ;5

ature factor, i.e., the highest mobility, of all the iron ligands

(15). His-518 is also oriented toward channel 2 and located 16.

near another conserved residue participating in local hydro-

gen bonding, His-513. While His-523, His-709, and lle-857 17

anchor the iron from relatively fixed positions, His-518 and
Asn-713 show considerable mobility in response to the

circumstances. As a result, the geometry of the iron 19
coordination sphere is changing as well. In the lipoxygenase 2.

3—4-nitrocatechol complex, it resembles a distorted trigonal
pyramid with His-523-NE2, His-709-NE2, and water at the
base (average angle of 197 lle-857-OT2 in the axial
position (average angle of 190 and iron shifted ap-
proximately 0.5 A toward lle-857. This geometry has been
observed before in superoxide dismutase and was shown to

be vulnerable not to changes in the oxidation state of iron 23,

but to the incorporation of a small molecule (azide in that
case) into the crystal structurd?).

In summary, we have shown that (1) water can coordinate
to the iron(ll) form of lipoxygenases under conditions

promoting order, such as suppressing available space by 55

incorporation of 4-nitrocatechol or by freezing, (2) the
catechol can form a complex with the enzyme without

forming a bond to the iron, and (3) changes in the 27.

conformation of side chains near the iron upon formation of
a complex result in differences in coordination. These
observations raise the prospect that ligand mobility could

be an element of the catalytic mechanism or the activation 3q

process.
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