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ABSTRACT: Lipoxygenases are lipid-peroxidizing enzymes, which have been implicated in the pathogenesis
of important diseases. They consist of a single polypeptide chain, which is folded into a two-domain
structure. The large catalytic domain contains the putative substrate-binding pocket and the catalytic non-
heme iron. To identify structural elements of the rabbit 12/15-lipoxygenase that are involved in enzyme/
substrate and/or enzyme/product interaction, we synthesized a set of radioactively labeled lipoxygenase
substrates carrying a photoreactive azido group (17-azido-ETE, 18-azido-ETE, 19-azido-ETE) and used
these compounds as affinity probes. After photoaffinity labeling, the enzyme was digested proteolytically
and modified tryptic cleavage peptides were identified by a combination of radio-HPLC and mass spectral
analysis. Following this strategy, we observed covalent linkage of a cleavage peptide that contained Ile593,
which has previously been identified as the sequence determinant for the positional specificity. These
data are consistent with the previous suggestion that this peptide lines the substrate-binding pocket.
Surprisingly, we also observed strong labeling of cleavage peptides originating from the N-terminalâ-barrel
domain, and our mass spectral data suggested covalent linkage of oxidized affinity probes. Taken together,
these results confirm the previous conclusion that Ile593 and surrounding amino acids are constituents of
the active site, but they also implicate the N-terminalâ-barrel in enzyme/substrate and/or enzyme/product
interaction.

Lipoxygenases constitute a heterogeneous family of fatty
acid dioxygenases that are widely distributed in plants and
animals (1, 2). Completion of the human genome project
revealed that there are six functional LOX1 genes, which
encode for six different human isoenzymes (3). The biologi-
cal activity of most mammalian LOX-isoforms is not
completely understood, but five LOXs are involved in the
biosynthesis of inflammatory leukotrienes (1). Other LOX-
isozymes have been implicated in cell differentiation (4),
cancer metastasis (5), and atherogenesis (6). More recently,
involvement of 15-LOX1 in bone development has been
suggested (7).

The structural biology of the LOX family is not well-
developed. For now, the crystal structures of two plant LOX-

isoforms [soybean LOX-1 (8, 9) and LOX-3 (10)] and one
mammalian enzyme/inhibitor complex (11) have been re-
ported, and there are additional data sets for various plant
LOX-ligand complexes (12, 13). Moreover, a 3D-model for
the structure of the human 5-LOX has been worked out (14).
All LOX-isoforms constitute single polypeptide molecules
that are folded into a two-domain structure (8-11). The large
C-terminal catalytic domain of the rabbit 15-LOX-1 com-
prises about 550 amino acids and is largely helical (11). It
contains the catalytic non-heme iron, which is buried deeply
inside the putative substrate-binding pocket. Its small N-
terminal domain involves 110 amino acids and consists of
two four-stranded antiparallelâ-sheets. It shares a 1.600 Å2

interface with the catalytic domain (11), and the two domains
are covalently interconnected by an unstructured stretch
(random coil) of amino acids (residues 111-124). The
soybean LOX-1, which is composed of 839 amino acids,
does also fold into a two-domain structure (8, 9). The two
subunits share a 2.600 Å2 contact plane, and the interdomain
interface constitutes a solvent-filled crevice (9). Detailed
evaluation of the corresponding X-ray coordinates (com-
parison of theB-value pattern) suggested that the overall
structures of the two domains are rather stable but that the
N-terminalâ-barrel domain may move as stable unit relative
to the catalytic subunit (9). Recent investigations into the
solution structure of the rabbit 15-LOXs (15) are supportive
for this hypothesis, but similar experiments on the soybean
LOX did not reveal any indications for significant interdo-
main movement (16).
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Despite this structural information, the binding fatty acid
derivatives at the active site of mammalian LOXs have not
been investigated in detail. There is no crystal structure of a
mammalian LOX-substrate complex, and affinity-labeling
studies have not been carried out. In addition, the functional
relevance of the N-terminalâ-barrel domain is far from
understood. Limited proteolysis studies on the soybean
LOX-1 led to the formation of a truncated LOX-form that
lacked the N-terminalâ-barrel (17). This mini-LOX was
catalytically active and exhibited an impaired affinity for
linoleic acid (KM of 11.2 µM for native and 24.2µM for
mini-LOX). On the other hand,Vmax of linoleic acid
oxygenation was augmented (363 s-1 for mini-LOX vs 55
s-1 for the native enzyme). These data suggested that the
N-terminal â-barrel domain may not be essential for the
catalytic cycle but might be involved in substrate binding
and/or product dissociation. Gene technical truncation of the
N-terminalâ-barrel domain of the rabbit 15-LOX (18) led
to the formation of a mini-LOX, which exhibited a similar
substrate affinity as the native enzyme (7.0µM for mini-
LOX vs 11.4µM for the native enzyme) but a lower catalytic
activity (Vmax of 9.9 s-1 for the native enzyme vs 1.6 s-1 for
the mini-LOX).

To explore which structural elements of the rabbit 12/15-
LOX directly interact with fatty acid substrates and/or
hydroperoxy fatty acid activators, we initiated experiments
using a specific affinity probe. For this purpose, we
synthesized (19, 20) a set of radioactively labeled arachidonic
acid derivatives, which carry a photoreactive azido group at
different carbon atoms of the fatty acid backbone (17-azido-
ETE, 18-azido-ETE, 19-azido-ETE) and incubated these
compounds with the purified rabbit 15-LOX. After tryptic
digestion, we identified labeled cleavage peptides and
assigned them to the 3D-structure of the enzyme. Among
labeled cleavage fragments, we identified a 3.5 kDa peptide
(amino acids 571-599) that contained the amino acid I593,
which has previously identified as sequence determinant for
the positional specificity of the rabbit enzyme (21). In the
3D-structure, I593 acid is localized in immediate proximity
to L589 and Q590, which constitute sequence determinants
for the positional specificity of the human 15-LOX2 (22),
and thus, this region of the primary structure appears to line
the substrate-binding cleft of the enzyme. Surprisingly, we
also observed strong labeling ofâ-barrel domain peptides.
These data suggest that the N-terminalâ-barrel domain,
which does not contribute to the active site according to the
X-ray coordinates, appears to interact with substrate fatty
acids and/or their oxygenation products.

MATERIALS AND METHODS

Chemicals.The chemicals used were from the following
sources: sodium borohydride from Serva (Heidelberg,
Germany); nitrosomethyl urea, bis[trimethylsilyl]trifluoro-
acetamide (BSTFA), and trypsin from Sigma (Deisenhofen,
Germany); 10% Pd/CaCO3 (catalyst for hydrogenation) from
Aldrich (Taufkirchen, Germany). All solvents were of HPLC
grade and purchased from Baker (Deventer, The Nether-
lands). The azido fatty acids used in this study were
synthesized as reported before (19, 20).

Preparation of the NatiVe Rabbit 15-LOX. The native
reticulocyte-type 15-LOX was prepared from the stroma-

free hemolysis supernatant of a reticulocyte-rich blood cell
suspension by sequential ammonium sulfate precipitation,
hydrophobic interaction chromatography, and anion exchange
chromatography on a preparative Mono-Q column (Phar-
macia, Uppsala, Sweden). The final enzyme preparation was
electrophoretically pure (<95%) and exhibited a linoleic acid
turnover rate of about 20 s-1. Protein concentration of the
15-LOX preparations was determined with the Roti-Quant
kit (Carl Roth GmbH, Karlsruhe, Germany).

Recombinant Enzyme Expression, Purification, and N-
Terminal Truncation.The recombinant wild-type 15-LOX
and the C-truncated mutant were expressed inEscherichia
coli as His-tagged fusion proteins and purified to near
homogeneity by affinity chromatography on a Ni-agarose
column (18). For deletion of the N-terminalâ-barrel domain,
a SalI restriction site was introduced in front of Cys115 by
site-directed mutagenesis. This procedure led to an N-
terminal truncation mutant that lacked the first 114 amino
acids (18).

Spectrophotometric Measurements of LOX ActiVity. The
oxygenation kinetics of the fatty acid derivatives were
assayed spectrophotometrically measuring the increase in
absorbance at 235 nm (formation of conjugated dienes) in
the substrate concentration range of 10-200 µM at room
temperature. The assay mixture consisted of 0.1 M phosphate
buffer (pH 7.4) containing various concentrations of fatty
acid substrate as sodium salts. Before addition of the enzyme
(2-15 µg), the assay mixture was sonicated for 30 s to
achieve homogeneous dispersion of the substrate.

Product Preparation and Analysis. For analysis of the
oxygenation products formed by LOX-species, aliquots of
purified enzyme preparations were incubated with azido fatty
acids (in 10-150µM range of final substrate concentration)
at room temperature for 15-20 min. The hydroperoxy fatty
acids formed were reduced to the corresponding hydroxy
derivatives with sodium borohydride. The lipophilic products
were extracted with ethyl acetate, and the solvent was
evaporated. The residue was reconstituted in 0.5 mL of
methanol, and aliquots were analyzed by RP-HPLC.

HPLC analysis of the fatty acid derivatives was performed
with a Shimadzu LC-6A liquid chromatograph connected to
an Agilent 1100 diode array detector. Separation of the fatty
acid derivatives was performed on a Nucleosil C-18 column
(Macherey-Nagel, Du¨ren, Germany; 250 mm× 4 mm, 5
µm particle size) and a guard-column (30 mm× 4 mm, 5
mm particle size, same vendor). The solvent system was a
mixture of methanol/water/acetic acid (85:15:0.1, by vol-
ume), and a flow rate of 1 mL/min was used. The absorbance
at 235 nm was recorded. SP-HPLC was performed on a
Nucleosil 100-7 column (Macherey-Nagel, Du¨ren, Germany;
250 mm× 4 mm, 5µm particle size) with the solvent system
hexane/2-propanol/acetic acid (98.5:1.5:0.1, by volume) and
a flow rate of 1 mL/min.

For gas chromatography/mass spectroscopy (GC/MS)
analysis, the azido hydroxy fatty acids (10µg) were prepared
by RP- and/or SP-HPLC, methylated with diazomethane, and
hydrogenated using 10% Pd/CaCO3 (Merck, Germany) as a
catalyst. This procedure did also reduce azido group. Amino
and hydroxy groups were silylated with bis[trimethylsilyl]-
trifluoroacetamide in dry pyridine. GC/MS was carried out
on a Shimadzu GC-MS QP-2000 system equipped with a
fused silica column SPB 1 (10 m× 0.25 mm, coating
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thickness 0.25µm). An injector temperature of 270°C, an
ion source temperature of 180°C, and electron energy of
70 eV were adjusted. The derivatized fatty acids were eluted
with the following temperature program: isothermically at
180 °C for 2 min and then from 180 to 290°C at a rate of
5 °C/min.

Affinity Labeling of the Enzyme.For routine experiments,
1.5 nmol of the pure rabbit 15-LOX was incubated in 0.5
mL of 0.1 M phosphate buffer (pH 7.4) with either
radioactive affinity probe (75 nmol, 1.5 mCi/mmol) or
nonlabeled analogues on ice, and the mixture was irradiated
for 2 min with UV-light (254 nm). Then, 1 mL of ice-cold
acetone was added, and the sample was kept at-20 °C for
2 h. The protein precipitate was spun down (2 min at 10 000
rpm), and the pellet was washed three times to remove excess
probe: first wash, 1 mL of MeOH/CHCl3 mixture (1:2, by
volume); second wash, 1 mL of MeOH/H2O mixture (4:1,
by volume); and third wash, 1 mL of acetone. The solvent
was evaporated in a vacuum centrifuge, and the protein pellet
was stored at-80 °C for further workup.

Proteolytic Digestion and Characterization of CleaVage
Peptides.The protein pellet was dispersed by sonication in
1 mL of NH4HCO3 buffer (pH 8.3) using a tip-sonifier (30
s, 50 W). The derivatized protein was trypsinated (trypsin/
15-LOX ratio 1:50, w/w) overnight at 37°C, and the
cleavage peptides were analyzed by RP-HPLC. HPLC
analysis of the cleavage peptides mixture was performed on
a Shimadzu LC-6A liquid chromatograph connected to a
SPD-6AV UV-vis detector (215 nm) using a Discovery BIO
Wide Pore C18 column (Supelco, Sigma-Aldrich, Germany;
150 mm× 4.6 mm, 5µm particle size), which was connected
to a guard-column (20 mm× 4 mm, 5 µm particle size;
same vendor). Cleavage peptides were eluted using a
segmented gradient of acetonitrile (CH3CN) in water con-
taining 0.1% trifluoroacetic acid: first segment, 5 min
isocratic elution at 2% CH3CN; second segment, linear
increase in CH3CN concentration from 2% to 45% in 55
min; third segment, linear increase of CH3CN concentration
from 45% to 100% in 10 min; and fourth segment, 10 min
isocratic elution at 100% CH3CN. A flow rate of 1 mL/min
was adjusted. Under these conditions, the tryptic cleavage
peptides of the unmodified 15-LOX were eluted within the
first 60 min. The column effluent was fractionated (1 min
fractions), and the different fractions were subjected to liquid
scintillation counting using a Wallac 1410 counter (Phar-
macia, Finland).

Mass Spectrometric Analysis of the CleaVage Peptides.
The solvents of the HPLC-fractions (1 mL each) were
evaporated under vacuum, and the residue was reconstituted
in 10 µL of a mixture containing CH3CN/H2O/TFA (50:50:
0.1, by volume). The mass spectra were recorded with a
MALDI-TOF mass spectrometer (Voyager-DE PRO, Applied
Biosystems, Framingham, MA) usingR-cyano-4-hydroxy-
cinnamic acid as matrix. The spectra were obtained in the
linear mode averaging 200 laser slots with an acceleration
voltage of 20 kV, a 93% grid voltage, and 100-200 ns delay.
An acquisition range ofm/z 500-14 000 was adjusted. For
analysis of mass spectrometric data, a GPMAW program
(General Protein Mass Analysis for Windows) was used. The
accuracy of our mass spectral analysis was(1 Da.

Structural Modeling of Enzyme/Substrate Complex.The
15-LOX/substrate complex (Figure 4) was constructed on

the basis of the crystal structure (11) of the rabbit reticulocyte
15-LOX (PDB entry 1LOX). The residues, which were not
defined in the crystal structure (601-602, 210-211, 177-
187), were inserted in silico using the molecular visualization
program VMD (23), and energy was minimized using the
molecular simulation program NAMD (24).

RESULTS

Substrate BehaVior of Aliphatic Azido DeriVatiVes of
Arachidonic Acid. Although affinity-labeling with modified
substrates is a frequently used method to investigate the
mechanism of enzyme-substrate interactions, this strategy
has not been applied in LOX research. We synthesized a set
of radioactively labeled arachidonic acid derivatives, which
carry a photoreactive azido group at different carbon atoms
of the fatty acid backbone (azido-ETE). To test whether these
azido fatty acids are properly bound at the active site of the
rabbit 12/15-LOX, we first investigated their oxygenation
behavior. Spectrophotometric measurements (Figure 1A)
indicated the formation of conjugated dienes during the
incubation of the pure rabbit 15-LOX with the affinity
probes, and the reaction rates were comparable to that of
arachidonic acid. More detailed kinetic analysis (KM of 10.9
µM) suggested high-affinity binding of 19-azido-ETE (19).
This value is in the same range of the corresponding
constants for other polyenoic fatty acids (25). TheVmax for
19-azido-ETE conversion (20 s-1 with this particular enzyme
preparation) was also comparable with the corresponding
value for arachidonic acid oxygenation. These data indicated
that after a 3 sincubation period the entire affinity probe
added to a typical labeling experiment was converted to the
corresponding hydroperoxide.

If 19-azido-ETE is bound at the active site like arachidonic
acid, the pattern of reaction products should be similar. SP-
HPLC analysis of 19-azido-ETE oxygenation products
revealed the formation of one major conjugated diene with
an absorbance maximum at 235 nm (Figure 1B), and the
UV-spectral properties suggested aZ,E-conjugated diene
chromophore (inset). The minor product eluting with a
retention time of 9.9 min did also contain a conjugated diene
chromophore, but the blue-shifted absorbance maximum (231
nm) suggestedE,E-double bond geometry.

The electron impact mass spectrum of the hydrogenated
derivative of the major oxygenation product (Figure 1C) was
characterized by ions atm/z343 originating fromR-cleavage
(inset) andm/z170 [CH(OTMS)CH2CH2CH2CH(NHTMS)-
CH3-90]. These data suggest that lipoxygenation of the
affinity probe had occurred at C-15. More detailed analysis
of the mass spectral data are given in the legend to Figure
1C. Analysis (HPLC and mass spectrometry) of the oxy-
genation products of 17-azido- and 18-azido-ETE isomers
revealed the formation of a more heterogeneous product
mixture. Although LC-MS analysis suggested that the major
reaction products derived from C-15 oxygenation, HPLC data
indicated a low degree of reaction specificity. In fact, several
product isomers containing a conjugated diene chromophore
were detected in SP-HPLC, but their detailed structure was
not completely clarified.

Affinity Labeling of 15-LOX Using 19-Azido-EET.Since
19-azido-ETE exhibited major similarities with arachidonic
acid in the above-described experiments, this probe was
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selected for affinity labeling. Because of the unspecific
product patterns, 17-azido- and 18-azido-ETE were not used
for these experiments. In preliminary experiments, we first
optimized the labeling conditions and started with a molar
enzyme/probe ratio of 1:1. Unfortunately, under these
conditions, we did not observe significant labeling of the

enzyme protein. Next, we gradually increased the probe
concentration up to an enzyme/probe ratio of 1:1000 and
detected an increase in labeling efficiency (Figure 2). To
avoid excess of unspecific labeling, we selected an enzyme/
probe ratio of 1:50 for subsequent labeling experiments.
When 1.5 nmol of 12/15-LOX was labeled with a 50-fold
molar excess of radioactive 19-azido-ETE, we found that
about 0.30 nmol of labeled affinity probe was covalently
linked to the enzyme protein. These data suggested that in
average 0.2 mol of 19-azido-ETE was attached to each mole
of 15-LOX protein. In other words, one out of five protein
molecules was labeled under these experimental conditions.

Tryptic CleaVage of Affinity-Labeled 15-LOX.For more
detailed information on the sites of covalent attachment of
the affinity probe, the labeled protein was precipitated,
dispersed in a volatile buffer, and cleaved with trypsin. The
cleavage peptides were then separated by RP-HPLC, and
absorbance of the column effluent at 215 nm was monitored.
Fractions of 1 mL were collected, and radioactivity was
counted. From Figure 3A, one can see that the affinity probe
(no 15-LOX) eluted as a single peak with a retention time
of 73.5 min. The UV-chromatogram of tryptic cleavage
peptides obtained from labeled 15-LOX is shown in Figure
3B. We observe that the majority of the cleavage peptides
were eluted with a retention time between 25 and 45 min.
In contrast, the bulk of radioactivity was eluted between 67
and 73 min (Figure 3C). We stress that similar chromato-
grams were obtained when the native 15-LOX (unlabeled)
was digested (data not shown). Thus, evaluation of the UV-
profiles (differential chromatograms) did not allow identi-
fication of labeled cleavage peptides. Two major conclusions
may be drawn from the outcome of our labeling experi-
ments: (i) The majority of the cleavage peptides has not
been modified during the labeling procedure. (ii) The labeled

FIGURE 1: Substrate behavior of various affinity probes. (A)
Activity assays: the pure rabbit 15-LOX (4µg/mL) was incubated
in phosphate buffer, pH 7.4, in the presence of 25µM of the various
fatty acids. The absorbance at 235 nm was recorded. (B) Product
analysis: the pure rabbit 15-LOX (4µg/mL) was incubated with
of 19-azido-ETE. After 10 min, the sample was acidified and the
lipids were extracted. The conjugated dienes were prepared by RP-
HPLC and further analyzed by SP-HPLC on a Nucleosil 100-7
column (250 mm× 4 mm, 5µm particle size) using a mixture of
hexane/2-propanol/acetic acid (98.5:1.5:0.1, by volume) as solvent
at a flow rate of 1 mL/min. Inset: UV spectra of the major reaction
products. (C) Mass spectral analysis of the major oxygenation
product: the major conjugated diene was prepared by SP-HPLC
and methylated (incubation with diazomethane), and the double
bonds were hydrogenated. This treatment reduced the azido group
to the corresponding amine. The hydroxy groups were subsequently
silylated with bis(trimethylsilyl)trifluoroacetamide in dry pyridine.
Mass spectral analyses were performed as described in Materials
and Methods. The ions atm/z214 and 129 may represent [(CH2)11-
COOCH3] and [CH2CH2CHOTMS], respectively.

FIGURE 2: Affinity labeling of rabbit 15-LOX1 using 19-azido-
ETE as probe. Pure rabbit 12/15-LOX (1.5 nmol) was incubated
in 0.5 mL of 0.1 M phosphate buffer (pH 7.4) with various amounts
of radioactive 19-azido-ETE on ice. The mixture was irradiated
for 2 min at 254 nm, and 1 mL of ice-cold acetone was added to
precipitate the protein. The precipitate was spun down and washed
extensively to remove the excess of radioactive probe (see Materials
and Methods). Then the precipitate was dispersed in phosphate
buffer using a tip sonifier, and aliquots were subjected to liquid
scintillation counting.
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cleavage peptides were eluted in HPLC between 67 and 73
min.

MALDI-TOF Analysis of the Modified CleaVage Peptides.
To identify the cleavage peptides linked to the affinity probe,
labeling experiments were performed with nonradioactive
19-azido-ETE. The affinity probe was omitted in correspond-
ing control incubations. Then the two samples were taken
through the same experimental protocol (incubation, pre-
cipitation, washing, tryptic digest, and HPLC), and the
fractions eluting in HPLC between 67 and 73 min were
collected and further analyzed by MALDI-TOF mass spec-
trometry. Applying this strategy, we obtained two databases
of mass ions (labeled peptides and control peptides), which
were subsequently subtracted from each other. The resulting
“differential database” was then searched for ions, the masses
of which corresponded to cleavage peptides that were
covalently linked to either oxygenated or nonoxygenated 19-
azido-ETE. In the first round of screening, we focused on
masses with a cleavage peptide/probe ratio of 1:1. Since our
affinity probe constitutes a LOX substrate, which binds at
the active site with high affinity, we first looked for cleavage

peptide lining the putative substrate-binding pocket. Search-
ing our differential database, we identified a mass ion with
m/z3560, which may have originated from covalent linkage
of 19-azido-ETE to the cleavage peptide D571-R599. This
mass ion was clearly absent in the control mass database
(no affinity probe). Evaluating the amino acid sequence of
this cleavage peptide (Table 1), we found that it contained
the amino acid I593, which has been identified as a sequence
determinant for the positional specificity of the rabbit 15-
LOX (21). Moreover, this peptide contains L589 and Q590,
which act as sequence determinants for the positional
specificity of the human 15-LOX2 (22). Structural modeling
indicated that at least the C-terminal part of this peptide lines
the substrate-binding pocket and the amino acids L589 (not
shown) and Q590-I593 (Figure 4A) are located in close
proximity to C-19 of the fatty acid backbone that carries the
photoreactive azido group. We note that the N-terminal part
of this cleavage peptide is located at the protein surface and,
thus, may also be susceptible to unspecific labeling.

More detailed search of our differential mass database
revealed labeling of five additional tryptic cleavage peptides,
which were all located in the N-terminalâ-barrel domain
(Table 1). These data were quite surprising since the X-ray
coordinates do not provide evidence for a possible interaction
of the â-barrel domain with the putative substrate-binding
cleft. However, our affinity labeling data indicated that
several cleavage peptides of this structural element were
covalently modified (Figure 4B). Interestingly, all of these
labeled cleavage peptides contained oxygenated 19-azido-
ETE. We stress that these data do not exclude the possibility
that the N-terminalâ-barrel domain may also be capable of
interacting with nonoxidized affinity probe since under our
experimental conditions the probe is completely oxidized
during the first 3 s of theincubation period. Thus, our results
implicate theâ-barrel domain in enzyme/substrate and/or
enzyme-product interaction.

Impact of the N-Terminalâ-Barrel Domain on Suicidal
InactiVation.Hydroperoxy fatty acids have multiple functions
for LOXs. They convert catalytically silent ferrous LOX
species to their active ferric forms (26), but they also
inactivate LOX-isoforms irreversibly (27). Moreover, they
constitute suitable LOX substrates, which are converted via
multiple catalytic activities of the enzymes to secondary
reaction products (28, 19, 30). To test whether the N-terminal
â-barrel domain might be involved in peroxide-dependent
suicidal inactivation, we prepared theâ-barrel truncation
mutant of the rabbit 12/15-LOX (18) and compared its kinetic
properties with the wild-type enzyme. From Figure 5A, we
see that the truncation mutant rapidly loses its catalytic
activity. In fact, after about 20 s, we did not see any further
increase in absorbance at 235 nm. In contrast, the wild-type
enzyme continued to produce conjugated dienes over a longer
period of time. These data suggested that the N-terminal
â-barrel domain prevents suicidal inactivation. To test the
protective effect in more detail, we carried out inactivation
studies using 15S-HpETE as inactivator. From Figure 5B,
we see that theâ-barrel truncation mutant is rapidly
inactivated under our experimental conditions. After 20 s of
incubation with 2 µM 15S-HpETE, almost 90% of the
activity was lost. In contrast, the wild-type enzyme was more
resistant to inactivation.

FIGURE 3: RP-HPLC analysis of tryptic cleavage peptides of native
and affinity-labeled 12/15-LOX. The rabbit 12/15-LOX (100µg)
was affinity-labeled with [3H8]-19-azido-ETE (see Materials and
Methods). After tryptic cleavage, the resulting peptides were
analyzed by RP-HPLC on a Discovery BIO Wide Pore C18 column
(Supelco, Sigma-Aldrich, Germany, 150 mm× 4.6 mm, 5µm
particle size) with a guard-column (20 mm× 4 mm, 5 mm particle
size, same vendor) using a segmented gradient of acetonitrile in
water (see Materials and Methods). The absorbance at 215 nm and
the radioactivity were simultaneously recorded. (A) HPLC analysis
of the affinity probe; (B) tryptic cleavage peptides from affinity-
labeled 15-LOX1 recording the absorbance at 215 nm; (C)
radioactivity profile of the tryptic cleavage peptides from affinity-
labeled 15-LOX1.
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DISCUSSION

LOXs are single polypeptide enzymes, and the polypeptide
chain is folded into a two-domain structure. The large
C-terminal domain contains the putative substrate-binding
pocket (9, 11), but for the moment, there are no direct
experimental data characterizing the topology of enzyme-
substrate interaction. Here, we employed an affinity labeling
approach to explore enzyme-substrate interaction and found
that two tryptic cleavage peptides of the catalytic domain of
the rabbit 12/15-LOX were covalently linked to 19-azido-
ETE. One of these peptides (L139-K171) was located at
the protein surface, and thus, labeling may be unspecific.
The second peptide (D571-R599) contained amino acids
which have previously been identified as sequence determi-
nants for the positional specificity of the two LOX-isoforms
(21, 22). These mutagenesis results, our labeling data, and
the outcome of structural modeling of the enzyme/substrate
complex strongly suggest that the D571-R599 cleavage
peptide may be considered a part of the substrate-binding
pocket. The detailed mechanism of the labeling procedure
has not been investigated in this study. It is well-known that
UV-irradiation of azido compounds generates labile nitrene
intermediates (31), which subsequently react with amino
groups, oxygen moieties, or even with hydrophobic residues
in the immediate vicinity of their formation at a diffusion-
controlled reaction rate. Unfortunately, we were unable to
identify the covalently modified amino acids experimentally.
However, to suggest candidate residues for covalent linkage,
we modeled the enzyme-arachidonic acid complex (Figure
4A) and searched the immediate surrounding of carbon-19
for susceptible amino acids. We found that the site chain
atoms of L589 (not shown), M591, and I593 are located in
close proximity to the photoreactive azido group. Other
candidate amino acids (Q590, S592, Q596), which are also
localized in this region of the primary structure (Figure 4A),
are unlikely to be modified because of their large distances
(>6 Å) to the reactive azido group.

The strong labeling of cleavage peptides of the N-terminal
â-barrel domain was rather surprising since this structural
element has not been implicated in enzyme/substrate and/or
enzyme/product interactions. In general, the function of the
N-terminal â-barrel domain is still a matter of discussion.
The high degree of conservation of the two-domain structure
in most LOXs suggests the catalytic importance of this
structural element, but for now, its functionality is far from
clear. Because of its structural similarity to theâ-barrel

domain of human lipases (32), the N-terminal domains of
mammalian LOXs have been implicated in membrane
binding. Indeed, site-directed mutagenesis of surface-exposed
tryptophanes in the N-terminal domain impaired membrane
binding of the human 5-LOX (33). For the rabbit 12/15-
LOX gene, technical truncation of theâ-barrel domain also
induced impairment of membrane binding, but site-directed
mutagenesis studies suggested that surface-exposed amino
acids in both domains are involved in membrane binding
(18). For the soybean LOX1, proteolytic cleavage of the
N-terminalâ-barrel domain augmented its membrane binding
capacity (17), which contrasts the results obtained with the
two mammalian LOXs (5-LOX and 12/15-LOX). To pre-
cisely define the role of the N-terminalâ-barrel domain in
membrane binding, truncation and mutagenesis studies on
other LOX-isoforms should be carried out and such experi-
ments are underway in our laboratory.

In addition to a possible role in membrane binding, a
regulatory activity of theâ-barrel domain for the catalytic
reaction has been suggested (17, 18). Gene technical trunca-
tion of the rabbit 12/15-LOX impaired the catalytic efficiency
of the enzyme (18), whereas limited proteolysis of the
soybean LOX1 augmented oxygenase activity (17). More-
over, suicidal inactivation of LOXs appears to be regulated
by theâ-barrel domain. It has been reported previously and
was confirmed in this study that the N-terminal truncation
mutant of the rabbit 12/15-LOX undergoes more rapid
suicidal inactivation during arachidonic acid oxygenation
when compared with the wild-type enzyme. The N-terminal
truncation mutant completely lost its activity within the first
20 s of arachidonic acid oxygenation (Figure 5A), and similar
results were obtained when the enzyme was incubated in
the presence of 2µM 15-HpETE (Figure 5B). In contrast,
the complete recombinant enzyme was much more stable
(Figure 5). These data, together with our finding thatâ-barrel
domain cleavage peptides were covalently linked to oxygen-
ated derivatives of 19-azido-ETE, strongly suggest that this
domain may be involved in peroxide binding and, thus,
appears to be of dual regulatory importance for catalytic
efficiency. It may impact both peroxide-dependent enzyme
activation and suicidal inactivation.

Another catalytic subprocess, which might be impacted
by theâ-barrel domain, is substrate binding. Kinetic studies
on the N-terminal-truncated mini-LOXs from soybeans
indicated an impaired affinity for substrate fatty acids (KM

of 11.2 µM for native and 24.2µM for mini-LOX),

Table 1: Experimental (MALDI-TOF) and Calculated Mass Data for Labeled 15-LOX Peptidesa

peptide
number

amino
acid sequence

mass
detected

mass
expected

localization
(domain)

attached
probe

I 2-45 GVYRVCVSTGASIYAGSKNKVELWLVGQHGEVELGSCLRPTRNK 5113.00 5111.89 N-terminal oxygenated
II 2-68 GVYRVCVSTGASIYA- - -RPTRNKEEEFKVNVSKYLGSLLFVRLRKK 7877.05 7877.24 N-terminal oxygenated
III 22-50 VELWLVGQHGEVELGSCLRPTRNKEEEFK 3733.10 3733.30 N-terminal oxygenated
IV 46-72 EEEFKVNVSKYLGSLLFVRLRKKHFLK 3658.68 3659.44 N-terminal oxygenated
V 73-99 EDAWFCNWISVQALGAAEDKYWFPCYR 3620.04 3618.13 N-terminal oxygenated
VI 139-171 LYQWGSWKEGLILNVAGSKLTDLPVDERFLEDK 4141.01 4139.82 C-terminal

(surface)
nonoxygenated

VII 571-599 DATLETVMATLPNLHQSSLQMSIVWQLGK 3560.23 3559.23 C-terminal
(active site)

nonoxygenated

a The pure rabbit 12/15-LOX (100µg) was affinity-labeled with a 50-fold molar excess of 19-azido-ETE as described in Materials and Methods.
After tryptic cleavage, the fractions containing the modified peptides eluting between 65 and 73 min were prepared by RP-HPLC (see Figure 3) and
analyzed by MALDI-TOF mass spectrometry. The sequence determinants for the positional specificity (L, Q, I) in the D571-K599 peptide are
labeled in bold. The N-terminal methionine was set amino acid number 1, although it is not present in the final protein (post-translational cleavage).
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suggesting a role of the N-terminal domain in substrate
acquisition (17). Our finding of strong affinity labeling of
cleavage peptides of the N-terminal domain is consistent with
this hypothesis, and the fact that we only detected linkage-
oxidized 19-azido-ETE does not argue against this hypoth-
esis. Oxygenated polyenoic fatty acids are true LOX
substrates, which are converted to double (28, 34) or triple
oxygenation products (29), to epoxy leukotrienes (30, 35),
and hepoxilins (36). These reactions require proper substrate
alignment at the active site, and the N-terminalâ-barrel
domain may help to achieve this goal. Moreover, our failure
to detect linkage of the nonoxidized affinity probe may be
related to technical problems. Under our experimental

conditions, 19-azido-ETE is rapidly oxygenated during the
incubation period, and after about 3 s, almost the entire
amount of affinity probe was oxidized. Although we at-
tempted to keep the preincubation period (before irradiation)
as short as possible, it could not be completely eliminated.
Another potential problem, which should be taken into
account when interpreting our labeling data, is the possibility
that the oxygenated affinity probe exhibits an altered
photoreactivity. Although such functional interaction of the
two groups is rather unlikely because of their large physical
distance (azido group at C19 and peroxy group at C15), it
cannot be completely excluded. To avoid these problems,
labeling studies should be carried out under anaerobic
conditions. Unfortunately, complete anaerobiosis is difficult
to achieve in our experimental setup since repeated evacu-
ation of the sample and flushing with argon inactivates the
enzyme. The specificity of the labeling process has not been
studied in detail, and the surface exposure of theâ-barrel
domain may contribute to its heavy labeling. However, there
are many unlabeled surface-exposed cleavage peptides of the

FIGURE 4: Affinity-modified tryptic cleavage peptides. The rabbit
12/15-LOX was affinity-labeled with nonradioactive 19-azido-ETE
as described in the legend of Table 1, and the most prominent
modified cleavage peptides are shown. The X-ray coordinates (11)
of the rabbit 12/15-LOX were used to construct the structural model
of the enzyme/substrate complex (PDB entry 1LOX). The residues,
which were not defined in the crystal structure (601-602, 210-
211, 177-187), were inserted in silico using the molecular
visualization program VMD (23), and energy was minimized using
the molecular simulation program NAMD (24). Modeling of the
enzyme substrate complex has been reported before (21). (A)
Affinity labeling of the active site peptide (peptide VII in Table 1)
containing the sequence determinant for the positional specificity
I593. Potential candidate amino acids for covalent linkage are
indicated (see text). (B) The modified tryptic cleavage peptide I,
IV, and V, which together comprise more the 90% of the N-terminal
â-barrel domain, are shown in different colors.

FIGURE 5: Impact ofâ-barrel domain on the reaction kinetics of
the recombinant rabbit 12/15-LOX. (A) Progress curves of arachi-
donic acid oxygenation. The wild-type recombinant 12/15-LOX and
its â-barrel truncation mutant were expressed as His-tag fusion
proteins and purified as described in Materials and Methods.
Aliquots (1µg of the wild-type enzyme and 8µg of the truncation
mutant) were used to assay the arachidonic acid oxygenase activity
(100 µM) with a Shimadzu UV2100 spectrophotometer (reaction
volume 1 mL). (B) Time course of 12/15-LOX inactivation by 15S-
HpETE: the recombinant 15-LOX (30µg/mL) and theâ-barrel
truncation mutant (50µg/mL) were incubated with 15S-HpETE (2
µM) in 0.1 M phosphate buffer, pH 7.4. At the times indicated,
aliquots were taken off and the residual linoleic acid oxygenase
activity was assayed. Each data point represents the mean of
triplicate measurements.
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catalytic domain, suggesting a certain degree of specificity
in â-domain labeling.

Despite these methodological difficulties, the strong label-
ing of the N-terminalâ-barrel domain suggested a role of
this structural element in enzyme/substrate and/or enzyme/
product interactions. Since both processes are important for
the efficiency of the catalytic cycle, theâ-barrel domain of
LOX appears to be of regulatory importance. Moreover,
affinity labeling of an active site peptide that contains a
sequence determinant for the positional specificity confirmed
the previous hypothesis that the U-shaped cavity identified
in the crystal structure constitutes the substrate-binding
pocket.
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