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ABSTRACT. Lipoxygenases are a group of non-heme iron dioxygenases which catalyze the formation of
lipid hydroperoxides from unsaturated fatty acids. 5-Lipoxygenase (5LO) is of particular interest for
formation of leukotrienes and lipoxins, implicated in inflammatory processes. In this study, electron
paramagnetic resonance (EPR) spectroscopy was used to investigate the active site iron of purified
recombinant human 5-lipoxygenase (5LO), and to explore the action of selenide on 5LO. After oxidation
by lipid hydroperoxides, 5LO exhibited axial EPR spectra typified by a signal &t6.2. However,
removal of the lipid hydroperoxides, their metabolites, and the solvent ethanol from the samples resulted
in a shift to more rhombic EPR spect@<€ 5.17 andy = 9.0). Thus, many features of 5LO and soybean
lipoxygenase-1 EPR spectra were similar, indicating similar flexible iron ligand arrangements in these
lipoxygenases. Selenide (1.&/1) showed a strong inhibitory effect on the enzyme activity of 5LO. In
EPR, selenide abolished the signagat 6.2, typical for enzymatically active 5LO. Lipid hydroperoxide
added to selenide-treated 5LO could not reinstate the sigggt=a.2, indicating an irreversible change

of the coordination of the active site iron.

Lipoxygenases constitute a class of non-heme iron con- In lipoxygenase catalysis, the active site iron is crucial
taining dioxygenases, which catalyze the incorporation of for enzyme activity and switches between?Fand Fé&*
0O, into 1,4<cis,cispentadiene-containing fatty acids. 5-Li- during the catalytic cycle3). So far, difficulties in producing
poxygenase (5LQO)catalyzes the two initial steps in the large amounts of homogeneous enzyme for biophysical
biosynthesis of leukotrienes from arachidonic acid: the studies have hampered studies regarding the active site
stereospecific oxygenation leading to formation of (5S)- structure and catalytic mechanism of 5LO. Only one EPR
hydroperoxy-6trans-8,11,14¢is-eicosatetraenoic acid (5- Study on 5LO has appeared)( The well-studied and
HPETE), and the further dehydration to leukotrieng. A  structure-determined lipoxygenase-1 from soybeans (SLO-
Leukotrienes play key roles in inflammatory reactioay, ( 1) has long served as a model protein regarding the catalytic
especially in asthma where they are regarded as criticalmechanism and the nature of the iron center, for all
mediators; hence, 5LO is a drug target with considerable lipoxygenases 5-8). This seems reasonable, since the
therapeutic potential. 5LO is mainly found in leukocytes, highest degree of similarity between lipoxygenases is found
macrophages, and mast cells, and expression increases duringfound the amino acid residues that function as ligands to
differentiation and maturation of myeloid cells. The human the active site irond). Furthermore, mutagenesis studies
enzyme is a monomeric 78 kDa protein that performs its SUPPOrt an active site arrangement of 5LO similar to that of
catalysis at a lipid/water interface, and it is well established SLO-1 (L0). More recently, crystal structures and spectro-
that 5LO enzyme activity is stimulated by €aATP, and scopic studies on mammalian 15-lipoxygenases and on

phosphatidylcholine [for a review, se)]. soybean lipoxygenase-3 have provided additional insights
(11-13). The aim of the present study was to gain further

information regarding the iron center in 5LO, by direct
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and 15L0 in the absence of glutathiorib,(16). Selenite Preparation of EPR Sample$he active site iron of 5LO
and seleno-diglutathione (GS-Se-SG) have been shown towas oxidized by incubating 5LO protein samples{3%0
efficiently inhibit 5LO activity in human B-lymphocyte4 7). uM) with 1-5 molar equiv of lipid hydroperoxide (5-
After reduction by, e.g., the thioredoxin system, these HPETE, 15-HPETE, or 13-HPOD dissolved in ethanol or
compounds were suggested to yield selenide, which mayDMSOQO) at room temperature for-5 min. Low molecular
interact directly with the 5LO active site iron. This proposal weight components, including the hydroperoxides and their
was supported by EPR studies on SLO-1, in which chemi- products, were removed from the samples by a single passage
cally generated selenide was shown to reduce the iron inthrough a Sephadex G25 centrifuge column, equilibrated with
oxidized enzyme X7). In analogy, ebselen was recently 50 mM Tris-HCI, pH 7.2, as described previouslyr). About
reported to alter the geometry of the iron ligand sphere in 200uL of each sample was transferred into EPR tubes under
mammalian 15L0 18). a flow of argon. Control samples were prepared without
In this paper, results from EPR studies on the iron center enzyme.
of 5LO are reported. The effect of ethanol and lipid Samples assigned to selenide treatment were handled under
hydroperoxide on the ferric iron center is described. We also a flow of argon, anaerobic buffers (see “Preparation of
show that selenide is a potent inhibitor of purified 5LO, and Selenide”) were used, and all tubes were prerinsed with
a direct interaction between chemically generated selenideoxygen-free buffers and purged from oxygen by blowing

and the active site iron of 5LO is demonstrated. argon on the surface for 40 min.
EPR MeasuremeniX-band EPR spectra were recorded
EXPERIMENTAL PROCEDURES on a Bruker 300 spectrometer as iti7( 23 at 3.6-21 K,

Materials. Selenite, sodium borohydride, and DMSO were equipped with a pumped helium flow cryostat EPR-9 from
from Sigma. 15-HPETE was a kind gift from Professor Mats Oxford Instruments. Samples were measured in a dual mode
Hamberg, Karolinska Institute. 5-HPETE and 13-HPOD cavity (Bruker ER4116 DM), which easily allowed switching
(purified by normal-phase HPLC) were from Biomol (Ply- between the normal perpendicular to the main field orienta-
mouth Meeting, PA). We routinely confirmed the identity tion of the microwave fieldB, O B, and the parallel mode,
and concentration of these lipid hydroperoxides by analytical Bill B, by a slight~300 MHz decrease of the spectrometer
reverse-phase HPLC and UV spectroscopy. Elemental selefrequency. The microwave frequency was measured prior
nium was kindly provided by Dr. Gan Zdansky, Uppsala to each scan with a Hewlett-Packard 5350A microwave
University, Sweden, and the #eEDTA standard was akind  frequency meter. The modulation frequency was 100 kHz.
gift from Dr. Peter Schmidt, Stockholm University, Sweden. Only linear baseline corrections were applied.

Other chemicals were from Merck (Germany). Intensities of components were estimated from double
5LO Protein Preparation and Analyse®ecombinant  integrals of EPR spectra and referred to the intensities of
human 5LO was expressedHn coli and purified to>95% the FE"-EDTA standard sample measured at the same
purity according to previously described methoti8<21). temperature as the sample of interest. Relative intensities of
The purified enzyme (0:210 mg/mL) was kept in the ATP  axial components, observedgt- 6.1, were measured also
elution buffer in the presence of the stabilizing enzymes, as ratios of magnitudes of the corresponding peaks in the
glutathione peroxidase and superoxide dismutéSe &t —70 absorption derivative spectra4). Power saturation data were
°C until the day of the experiment. collected by measuring the EPR absorption derivative peak
5LO protein concentration was estimated as described bysignal intensity as a function of incident microwave power
Bradford @2), using a protein assay kit from Bio-Rad with  (P). In the case of = 4.28 signals, peak-to-peak intensities
bovine serum albumin as standard. A molecular mass of 78(l) of the sharpest component were measured. The half-

kDa was used in the calculations. saturation power value®;,,, were determined graphically
Optical and UV absorption spectra were recorded using aby plotting (/P%5)/(1/P%%)nax versus logR). Py, values are
PC-interfaced Shimazu 2000 spectrophotometer. defined as abscissas of the points of crossings of linear
Preparation of SelenideSelenide was prepared by reduc- interpolations of the dependencies at high powers with the
tion of elemental selenium exactly as described 1) ( level 0.707 25).

Dilutions of the stock solution of selenide were made EPR spectra of Fé ions were analyzed in the framework
anaerobically with 50 mM Tris-HCI, pH 7.5, which had been of Spin-Hamiltonian formalism2g), using the standard Spin-
flushed with argon. Pure argon (AGA, Sweden) was used Hamiltonian for theS = 5/2 spin systemZ27):
to purge solutions from oxygen. Argon was additionally
purified from oxygen and saturated by®by the passage  H = gBBS+ D[S — S(S+ 1)/3] + E[S*—S7 (1)
through a fresh 0.2% solution of p&0O, in 0.1 M NaOH.

5LO Cuwette Actbity Assay5LO (70ug/mL) was prein- Hereg is the electrorg factor, 5 is the Bohr magnetor)
cubated at room temperature for-360 min anaerobically  andE are the axial and rhombic zero-field splitting constants,
or in air-saturated buffer (50 mM Tris-HCI, pH 7.0) respectivelyB is the applied magnetic field, arffl (i = X,
containing selenide (1.6M). Control samples were made Y, 2) are the operators for electron spin angular momentum.
without selenide. In a cuvette, 1Q0. of the preincubate Temperature dependencies of EPR signals were ap-
was added to 900L of substrate solution (50 mM Tris, pH  proximated by the equatior28, 29:
7.5, 0.2 mM ATP, 3uM EDTA, 0.1 mM CaC}, 20 g/mL
phosphatidylcholine, 1 mM DTT, 78M arachidonic acid N= T_lANO[l + exp(—2D/KT) + exp6D/kT)] ! (2)
with or without 2.5uM 13-HPOD). The production of
5-HPETE was followed by monitoring the absorbance at 234 wherek is the Boltzmann constan\ is the signal intensity,
nm. No was the fitted parameter, ad= 1 for the ground-state



EPR Investigation of 5-Lipoxygenase Biochemistry, Vol. 40, No. 21, 20056373

g=90 6.2 4.2{8 g=9.0 6.2 517 4.28
I I | I

B Y %MM
EWMW"MMMMMM

Cc
C
0 50 100 150 200 250
Field (mT)
Ficure 1: EPR spectra of human 5-lipoxygenase: native and 0 50 100 150 200 250

oxidized with 15-HPETE. (A) Native 5LO (20 nmol) in 20Q. of
ATP purification buffer (50 mM triethanolamine, pH 7.3, 100 mM Field (mT)

NaCl, 12 mM ATP, 15 mM 2-mercaptoethanol) containing 2 mM

CHAPS. (B) Sample A was thawed and incubated with 47 nmol FIGURE 2: Effects of ethanol on the EPR spectra of human
of 15(9-HPETE in ethanol (final content 1.5 vol %) at room S-lipoxygenase oxidized with 5-HPETE. (A) 5LO (14 nmol, in 200
temperature for 5 min. (C) Ré standard, 36(M. Instrumental 4L of ATP purification buffer: 50 mM triethanolamine, pH 7.3,
parameters: microwave power, 10 mW; modulation amplitude, 1.1 100 mM NaCl, 12 mM ATP, 15 mM 2-mercaptoethanol) was

mT; temperature, 3.7 K; microwave frequency, 9.617 GHz, at incubated with 5§-HPETE (25 nmol) in ethanol (2 vol %) for 2
normal, perpendicular mod&{ O B). min at room temperature and subsequently gel-filtered into deaerated

50 mM Tris buffer, pH 7.2, using a Sephadex G25 spin column.
" _ - - - (B) Sample A was thawed, and 2 vol % of ethanol was added. (C)
trangltlons and\ = eXP( 2D/KT) f‘?r theg ~ 4.3 andg Sample B was thawed andS{HPETE (25 nmol) was added, the
5.2 lines of the transitions of excited states. sample was incubated for 2 min at room temperature, and the final
Spectral manipulations, integration, Fourier transforma- ethanol concentration became 4.8 vol %. Instrumental parameters:

tions, etc. were made with the help of the spectrometer temperature, 3.6 K; microwave power, 100 mW; microwave
software and also with the help of the program Octave frequendc_y, I9.617 ((jSHz; modulation amplitude, 1.1 mT at normal,
running on a PC under a Linux operating system. The fitting perpendicular modeg [ B).

and plotting was done with the help of the program GraFit 5) o was oxidized by incubation with 5-HPETE. Before the
(30). EPR determination, excess 5-HPETE, 5-HETE, and the
RESULTS solvent ethanol were removed from the sample by spin
column gel filtration (trace A). Together with a faintly visible
EPR Irvestigations of the Iron Center in 5LEPR spectra  axial signal aty = 6.2 and the rhombic component gt=
of native and oxidized 5LO are shown in Figure 1. The native 4.28, we observed two additional signals: ongyat 9.0
sample of 5LO was EPR-silent, apart from the signaj at and another aj = 5.17. The intensity of the former signal
4.28 (trace A), which coincided with the signal from ionic was decreasing, while that of the latter signal was increasing
Fe*t (trace C). We assigned tlge= 4.28 peak in the native  with observation temperature, suggesting that these signals
5L0O sample to adventitiously bound iron. After oxidation represent different transitions of the same*'Feenter.
with lipid hydroperoxide [2.4 molar equiv of 1S-HPETE Comparison of the line positions with= f(E/D) rhombo-
in ethanol], a major peak @&t = 6.2 appeared (trace B), in  grams for theS= 5/2 spin systemZ7) allowed us to assign
accordance with an axial type EPR signal from ferric 5LO. the described signals to an¥ecenter of moderate rhom-
This was observed also in the previous EPR study on 5L0O bicity: E/D ~ 0.2. Theg = 9.0 signal would arise from the
(4). The increased signal gt= 4.28 may be derived from  ground-state transitions and tlge= 5.17 signal from the
iron, which had been released from degraded 5LO, or from excited-state transitions. In the temperature interval of-3.5
a rhombic iron center in inactivated 5LO. The signal of low 10 K, it was not possible to saturate these signals by a
intensity atg = 9.0 is discussed below. microwave power of up to 100 mW. Such behavior indicates
We performed microwave power saturation studies at 3.6 a smaller value of the zero-field splitting constabt, for
K and determinedP;, = 7.4 mW for theg = 6.2 signal and  this center as compared to tBe= 2 cm* value for theg
P1», = 3 mW for theg = 4.28 signal. The temperature = 6.2 center. Signals & = 9.0 andg = 5.17 can be seen
dependence of the signal intensity measured at 10 mW wasalso in Figure 1, trace B; Figure 3, traces B and C; and Figure
in agreement with the Spin-Hamiltonian model for e 6, trace A.
5/2 spin system with a positive value (eq 1), which predicts The moderately rhombic iron center in Figure 2, trace A,
that theg = 6.2 signal would decrease with the increase of could be converted into a center close to the axial liEBiD
observation temperature. Fitting of the temperature depen-— 0, by the addition of alcohol. This is shown in Figure 2,
dence data with eq 2 gave the zero-field splitting constant, trace B, where the addition of ethanol (2% v/v) led to the
D=2cnrk disappearance of the signalsgat= 9.0 andg = 5.17, and
We found that either the oxidizing lipid hydroperoxides, simultaneously to the appearance of the agial 6.2 signal.
their alcohol products, or ethanol was needed to be present-urther addition of 5-HPETE resulted in a more pronounced
in the 5LO samples for a prominegt= 6.2 signal to be axial signal (Figure 2, trace C), showing that the iron in the
obtained. This is illustrated in Figure 2. In this experiment, trace B sample was not fully oxidized. Also the intensity of
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FIGURE 4: EPR spectra of human 5-lipoxygenase oxidized with

lipid hydroperoxides dissolved in DMSO. (A) 5LO (15 nmol) in

200 uL of ATP purification buffer (50 mM triethanolamine, pH
7.3, 100 mM NacCl, 12 mM ATP, 15 mM 2-mercaptoethanol) was
incubated at room temperature for 5 min with 42 nmol ofQ5(

HPETE in DMSO (2.5 vol %), subsequently gel-filtered into 50
" " " " mM Tris buffer, pH 7.2, using a Sephadex G25 spin column, and
50 100 150 200 250 recorded at normal, perpendicular mo8g [0 B) and (B) at parallel
Field (mT) mode B, Il B). (C) The sample was thawed, incubated with 30
nmol of 5@-HPETE in DMSO (final content 3.3%) at room
Ficure 3: EPR spectra of human 5-lipoxygenase: native and temperature for 5 min, frozen, and recorded at normal mode.
oxidized with 13-HPOD. (A) Native 5LO (21 nmol) in 156 of Instrumental parameters: microwave power, 100 mW; modulation
ATP purification buffer (50 mM triethanolamine, pH 7.3, 100 MM amplitude, 1.1 mT; temperature, 3.6 K; microwave frequency, 9.617
NaCl, 12 mM ATP, 15 mM 2-mercaptoethanol). (B and C) Aliquots GHz for (A) and (C), 9.336 GHz for (B).
of sample A were incubated at room temperature for 3 min with ) .
21 nmol of 13§)-HPOD in EtOH (1.7 vol %) and 42 nmol of 13- DMSO also gave a pronounced signagat 6.2 (Figure 4).
(9-HPOD in EtOH (3.4 vol %), respectively. (D) ATP purification ~ The broad feature @& < 100 mT, which is present in the
buffer (see above). Instrumental parameters: temperature, 4.1 Kispectrum from partially oxidized 5LO (trace A), may
microwave power, 100 mW; microwave frequency, 9.620 GHZ, toniatively be ascribed to ferrous 5LO, as suggested by
modulation amplitude, 1.1 mT at normal, perpendicular mdie ( ’ A
0B). Chasteen et al4f, but could also have other origins. The
spectrum in trace B in Figure 2 was recorded under the
the signal ag = 4.28 increased. This is most likely due to condition ofB; parallel toB. As in the case of other metal
oxidation of adventitiously bound iron, which was not complexes with an integer value of the total spdi,(32),
separated by the quick pass through the Sephadex spirthis spectrum revealed a broad trough-looking feature at low
column, but we could not exclude that this signal represents magnetic field with a minimum approximately gt= 13.
a population of 5LO possessing an iron center with a rhombic  Calcium, ATP, and phosphatidylcholine are known to
symmetry. We considered the possibility that excess lipid stimulate the catalytic activity of 5LO in vitro. However,
hydroperoxide could result in a purple form of 5LO, as in no significant changes in the spectrum of a completely
the case of SLO-1. However, no such species was observedxidized 5LO in the presence of ethanol (like trace C in
in optical spectra of 5LO recorded in the presence of any of Figure 2) were detected after addition of Ca@.5 mM),
the lipid hydroperoxides used in this study (data not shown). ATP (0.8 mM), and phosphatidylcholine (12@/mL) (data
To achieve complete oxidation of the active site iron in not shown). In experiments where preoxidized 5LO (0.16
our samples, addition of lipid hydroperoxide in molar excess mM) was incubated for 5 min with the substrate arachidonic
over protein was required (Figure 3). This was seen not only acid (2 mM), we were not able to detect the axdatr 6.2
for the tetraenoic compounds 5-HPETE and 15-HPETE signal of the ferric iron center. Only an intenge= 4.28
(Figures 1, 2, and 4), but also when the dienoic 13-HPOD signal was detected (data not shown). This was accompanied
was used as oxidant (Figure 3). One reason for the require-by a complete loss of enzyme activity (activity assays of
ment of excess lipid hydroperoxide may be the presence ofthawed EPR samples). Loss of activity was also observed
2-mercaptoethanol (15 mM) in our enzyme samples. In upon thawing, followed by a prolonged (more than 20 min)
control experiments, we found that one-third of lipid hydro- aerobic incubation at room temperature, of 5LO samples
peroxide (160 nM) added to ATP elution buffer containing which had been oxidized by 5-HPETE, or 15-HPETE or 13-
2-mercaptoethanol (15 mM) was reduced to the correspond-HPOD. Thus, turnover and/or aeration led to destruction of
ing hydroxide within 3 min at room temperature. One may the iron center, compatible with loss of activity. We relate
also speculate that other entities on 5LO (other than the iron)the ability of 5LO to exhibit the axial EPR signal to
could be subject to oxidation, consuming lipid hydroperoxide. enzymatically active protein. Spectra with solely rhombic
In contrast to ethanol, DMSO (up to 3% v/v, data not signals were recorded from less active or inactive samples.
shown) did not affect the EPR spectrum of 5LO. However, Also, preliminary EPR spectra of mutated 5LO proteins,
the presence of ethanol was not required for the axial signalwhich were enzymatically inactive (mutations of H367), gave
to appear; addition of lipid hydroperoxide dissolved in only rhombic signals in EPR (not shown).
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Ficure 5: Inhibition of 5LO activity by selenide. 5LO (130 nM)
was preincubated in deaerated 50 mM Tris-HCI, pH 7.2, in the
absence (open circles) or in the presence (filled circles) ofi15
selenide fo 1 h atroom temperature. The preincubate was diluted
10-fold into 50 mM Tris-HCI, pH 7.5, 0.2 mM ATP, 0.1 mM Cagl E

30 uM EDTA, 0.075 mM arachidonic acid (AA), 2Qug/mL

phosphatidylcholine (PC), 1 mM DTT. The absorbance at 234 nm

was recorded every 20 s, for 19 min. )
Effects of Selenide on 5LO Agty and on the Iron Center F

of 5LO. Incubation of purified recombinant 5LO (130 nM)

with 1.5u4M chemically generated selenide in argon-purged
(deaerated) buffer resulted in loss of enzyme activity (Figure
5). Similar inhibition by selenide was observed when the
enzyme catalysis activator, 13-HPOD (2M8), was present Field (mT)

in the 5LO activity assay (data not shown). Selenide is not Ficure 6: EPR spectra of oxidized 5LO treated with selenide. (A)
stable under aerobic conditions and showed no inhibitory 5LO (15 nmol) in 200uL of ATP purification buffer (50 mM
effect when the preincubation was performed in aerobic buf- triethanolamine, pH 7.3, 100 mM NaCl, 12 mM ATP, 15 mM

i 2-mercaptoethanol) was incubated at room temperature for 5 min
fer. The extent of inhibition, measured as a percentage of A ith 42 nmol of 15G-HPETE in DMSO (2.5 vol %), subsequently

maximal velocity relative to the control sample, increased ge| filtered into deaerated 50 mM Tris buffer, pH 7.2, using a
with time of preincubation with selenide. At 1.8/ selenide, Sephadex G25 spin column, transferred into an anaerobically treated
~60% of the control activity remained after 10 ming40% EPR tube, and frozen. (B) A sample parallel to that in (A) was
after 20 min, and~5% after 1 h. Thus, an apparent second- supplied with selenide (600 nmol) before transfer to the EPR tube.

: . (C) Sample B was thawed and incubated for 3 min at room
order rate constant for the reaction could be estimated to betemperature with extra SLHPETE (30 nmol) (DMSO content

approximately 500 M* s™%. The inhibition increased drasti-  pecame 3.3%). (D) Sample C was thawed, aerated, and incubated
cally at higher concentration of selenide (data not shown). for 5 min at room temperature. (E) A sample parallel to that in
We next determined the putative direct interaction between (A), except that this sample was gel-filtered and manipulated under

selenide and the active site in 5LO by EPR. A sample of a€robic conditions, was incubated for 3 min at room temperature
5LO was first oxidized by treatment )\/Nith 15-HPETE 3 with extra 5§-HPETE (30 nmol) (DMSO content became 3.3%).
y (F) Sample E was thawed and incubated for 3 min at room

equiv), and then gel-filtered under anaerobic conditions to temperature with 300 nmol of selenide. Instrumental parameters:
remove oxygen and excess lipid hydroperoxide. EPR resultedmicrowave power, 100 mW; modulation amplitude, 1.1 mT;

in trace A in Figure 6, with features gt= 9,9 = 6.2,g = temperature, 3.6 K; microwave frequency, 9.617 GHz, at normal
5.13, andg = 4.28. These features were not seen in the Perpendicular modeBq U B).

spectrum of trace B, in which another aliquot of the same . _ : .
sample was supplied also with selenide prior to measuremen@Ctivity assay (1.5M). This was due to the high protein
by EPR. Neither did addition of more lipid hydroperoxide conce_ntrano_n demanded in E,PR Spectroscopy. _The SLO:
(5-HPETE, 2 equiv) to sample B generate the EPR signalsSE|en'de ratlo,_however, was in the same range in the two
(see trace C). Additional thawing of this sample and aeration YPES Of experiments. o

at room temperature for 5 min resulted in the appearance of " Summary, it appeared that ferric iron in oxidized 5LO
signals ag = 9.8 andg = 4.28, attributed to an Fé center was reduc_ed by selenide. Hoyvever, it seems clear_ that
of high rhombicity,E/D — 0.33, or to non-enzyme-bound selenide d'.d not Oﬂly cause a §|mple reduct|0|_f1 of the iron.
Fe* (trace D). At the end of the experiment, the 5LO in Instead an irreversible modification occurred which prevented

this selenium-containing sample was completely inactive. "€0xidation by lipid hydroperoxide. After aeration of a
When another aliquot of the sample giving EPR spectrum selenide-treated sample, only the rhombic componeqgt at

A was treated with 5-HPETE (2 equiv in DMSO) in the = 4.28 increased, which may represent ferric iron in a
absence of selenide, the expected intense sigrga6.2 destroyed iron center, or iron ions which had been released

was obtained (trace E). This sample was thawed, selenidef_rom damaged 5LO. Oxidation by @lid not restore thg
was added, and a second spectrum was recorded (trace Fj- 6.2 signal, characteristic for enzymatically active 5LO.
Again, we obtained a complete loss of the axial signa at

= 6.2, but theg = 4.28 component was unaffected. The DISCUSSION

selenide concentration used in the EPR samples was much The oxidized form of the active site iron in recombinant
higher (3 mM) than the inhibitory concentration in the human 5LO (expressed i&. coli) gave an axial EPR

0 50 100 150 200 250
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meaning that the status of N554 as a flexible ligand to the
iron in 5LO would lead to high catalytic efficiency by
destabilizing the ferric state.

Table 1: Ligands to the Active Site Iron in Four Lipoxygendses

enzyme ligand 1 ligand 2 ligand 3 ligand4 ligand5 ligand 6

SLO-1  H499 H504 H690 N694 C-termI839 @ i i

al03  HE18  HE23  H709  N713  Cotorm 1857 Comparison of crysta]lographlc dgta has shown that the

rabbit  H361 H366 H541 H545 C-term 1663 mononuclear non-heme iron sites of lipoxygenases are related
15L0 to active sites of other enzyme families, characterized by a

5L0 H367 H372 H550 N554 C-term 1673 common structural motif, referred to as the 2-His-1-carboxy-

aData for the enzymes in rows—B originate from their solved  late facial triad 43). Based on sequence comparisons with
crystal structures?( 11, 12). Regarding 5LO, the ligands find support  the structure-determined lipoxygenases (Table 1), the ligands
in sequence alignments, mutagenesis studies, and EPR data of thehat would form this triad in 5LO are the following: two
present study. nitrogens of H372 and H550 and one of the carboxylate

oxygens of the C-terminal 1673. Unlike other 2-His-1-

spectrum (Figures -14). This is in agreement with the carboxylate facial triad enzymes, lipoxygenases contain two
previous report on Fé EPR spectra of recombinant human additional endogeneous ligands to the iron: N554 and H367
5L0 (expressed isfcells) @). However, one difference was in the case of 5LO. This is consistent with our previously
our consistent requirement of excess lipid hydroperoxide suggested subdivision of the putative iron ligands of 5LO
(about 2 equiv) in order to get clear ¥esignals, while into permanent (H372, H550, 1673) and flexible or replace-
Chasteen reported that 1 equiv was sufficiedt. (This able (H367, N554) ligands, based on mutagenesis @ata (
discrepancy may be due to the presence of 2-mercaptoethancl4, 45. By temporary breaking (or weakening) the bond to
in our 5LO samples. We also found that the presence of the iron, a flexible ligand would make it possible for other
alcohol influenced the iron ligand sphere of 5LO, as atoms of, e.g., the substrate to interact with the enzyme. This
previously described for soybean lipoxygenase-1 (SLO-1) property may be of relevance in the reaction mechanism of
(33—38). New signals, of moderate rhombicity, became more 5LO. The lipoxygenation reaction is significantly different
intense relative to theg = 6.2 signal when the lipid from the catalytic mechanism of many other enzymes with
hydroperoxide oxidant, its products, and the solvent ethanolthe 2-His-1-carboxylate triad motif, in the sense that the
were removed from the sample by gel filtration after ferrous active site does not react with (36). Instead the
incubation (Figure 2). These moderately rhombic signgls ( ferric lipoxygenase iron is believed to be involved in the
= 9.0 andg = 5.17) were replaced by the axial signalgat  activation of the substrate (by hydrogen abstraction). A
= 6.2 upon re-addition of ethanol or lipid hydroperoxide to change in the iron coordination, coupled to a close contact
a gel-filtered oxidized 5LO sample. This indicates a flex- between the iron and a carbon at the position of the 1,4-
ibility of the iron center in 5LO. diene unit of the substrate, may be of importance for such

Studies on SLO-1 and mammalian 15LOs have led to the activation @7). In the refined crystal structure of SLO-1 (1.4
conclusion that axial EPR spectra originate fromi'Fpecies A resolution), a water molecule is identified as a sixth iron
which contain four equally strong ligands in one plane and ligand in native ferrous SLO-1 (see Table ¥).(Also the
a perpendicular axis defined by two ligands of which one iron centers of mammalian 15LOs and SLO-3 are expected
deviates in binding strength (much weaker or stronger) to contain a water ligandl@, 38, 39, 48). It was suggested
compared to the other ligand43 39). The axial EPR that this water molecule could be substituted by an organic
spectrum obtained for ferric 5LO in the presence of ethanol substrate %9).
and/or lipid hydroperoxide, which is similar to EPR results  Although 5LO shares many spectroscopic properties with
for SLO-1, is in agreement with such a ligand arrangement. SLO-1, there are also signs of differences in their iron
The observed positivB-value would suggest the off-plane  centers. In the presence of 13-HPOD in molar excess to the
ligand to be weak3), which would fit with an asparagine  enzyme, solutions of SLO-1 turn purpké9( 50). This purple
residue (N554) as ligand 4 in 5LO (Table 1), analogous to form of SLO-1 protein is thought to consist of enzyme-bound
N694 in SLO-1. The moderately rhombic EPR spectrum of intermediates formed during oxygenation of linoleic acid
ferric 5LO, obtained after removal of ethanol/lipid hydro- (51). The EPR spectrum of purple ferric SLO-1 is rhombic,
peroxide, indicates a structure more close to an iron centerand the conversion from the axial to the rhombic EPR
with six equally strong ligands. This may arise when a weak spectrum has been suggested to reflect a reversible replace-
endogenous ligand binds stronger or is substituted by ament of the water ligand by the lipid hydroperoxidgo).
stronger exogenous ligand. The switch from a moderately No purple form of 5LO is known, and in accordance, the
rhombic to an axial EPR spectrum, observed when the EPR spectrum did not change upon addition of 5-HPETE
oxidant and alcohol were added, suggests that ethanol, lipidor 13-HPOD in excess (up to 5 equiv) [the present study
hydroperoxide, or a metabolite may influence the geometry and ref @)]. Instead, the presence of lipid hydroperoxide
of iron coordination. seemed to favor and stabilize the axial state of 5LO.

Flexibility of the iron coordination in lipoxygenases has Ca&*, ATP, and phosphatidylcholine are well-known
been suggested to play a critical role in regulation of enzyme activators of 5LO activity in vitro. Recently, we described
activity (13, 39—41). For SLO-1 and human 15L0, ligand that both C&" and ATP bind independently and specifically
4 (Table 1) and its interaction with the iron have been tothe enzymeZl, 52, 53). When these activators were added
suggested to tune the catalytic reactivi), The status of  to 5LO samples, there were no significant effects on EPR
N694 in SLO-1 as a relatively weak ligand was correlated spectra. The lack of effect on the iron center of the enzyme
to the high reduction potential of the active site iron, which indicates that the binding sites for these regulatory cofactors
has been reported for SLO-#3). Possibly also in this  may be distant from the active site, which is in accordance
respect parallels could be drawn between 5LO and SLO-1,with the recently proposed binding regiorisl(53).




EPR Investigation of 5-Lipoxygenase

The previously suggested direct inhibitory effect of se-
lenide on 5LO 17) was confirmed for purified enzyme in
the present study. Furthermore, EPR experiments showed
that selenide caused irreversible changes of the iron center
in 5LO. The axial EPR signal, characteristic for active
enzyme, disappeared upon the addition of selenide. After
subsequent destruction (oxidation) of the selenide by expo-
sure to air, we were not able to recover the axial signal.
Selenide may react with proteinSH groups, and thereby
inhibit enzyme activity by introducing conformational changes.
However, such interactions alone would not explain the
reduction of the active site iron. It appears possible that
selenide substitutes for, or reacts with, a natural iron ligand
in 5LO, thereby preventing enzyme catalysis. A similar
mechanism was recently suggested for the inhibition of
mammalian 15LO by ebseled§). Since selenide was not
inhibitory when added to 5LO in the presence of oxygen, a
reactive oxygen species (formed by reaction between selenide
and oxygen) should not be the inhibitory species. We found
a profound inactivation of 5LO at selenide concentrations
as low as 1.5:M. One may expect that in tissues, selenide
could easily be produced in such amounts from seleno-
diglutathione or from externally added selenium compounds
with the help of cellular thioredoxin and/or glutaredoxin
systems %4, 55).

By direct interaction with the active site iron, several
selenium-containing compounds and their cellular metabo-
lites may inhibit 5LO. For instance, ebselen is a direct
substrate for mammalian thioredoxin reductas®),(giving
rise to the highly reactive ebselen selenol, which should
inhibit 5LO. Also naturally occurring cellular selenium-
containing compounds might influence 5LO. Mammalian
thioredoxin reductase itself, which has a broad substrate
specificity and has been shown to reduce lipid hydroperox-
ides 67), contains an essential seleno-cysteine residue in an
open active site58). Possibly, this enzyme can react directly
with 5LO. In general, selenium compounds equipped with
structural features making them 5LO selective could be
considered as potential 5LO inhibitors.
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