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FLAP (5-lipoxygenase-activating protein) is a nuclear transmem-
brane protein involved in the biosynthesis of LTs (leukotrienes)
and other 5-LO (5-lipoxygenase) products. However, little is
known about its mechanism of action. In the present study, using
cross-linkers, we demonstrate that FLAP is present as a monomer
and a homodimer in human PMN (polymorphonuclear cells). The
functional relevance of the FLAP dimer in LT biosynthesis was
assessed in different experimental settings. First, the 5-LO sub-
strate AA (arachidonic acid) concomitantly disrupted the FLAP
dimer (at � 10 µM) and inhibited LT biosynthesis. Secondly,
using Sf9 cells expressing active and inactive FLAP mutants and
5-LO, we observed that the FLAP mutants capable of supporting

5-LO product biosynthesis also form the FLAP dimer, whereas
inactive FLAP mutants do not. Finally, we showed that FLAP
inhibitors such as MK-0591 which block LT biosynthesis in
human PMN, disrupt the FLAP dimer in PMN membranes with a
similar IC50. The present study demonstrates that LT biosynthesis
in intact cells not only requires the presence of FLAP but its
further organization into a FLAP homodimer.

Key words: arachidonic acid (AA), 5-lipoxygenase-activating
protein (FLAP), leukotriene (LT), 5-lipoxygenase (5-LO), poly-
morphonuclear cells (PMN), prostaglandin B2 (PGB2).

INTRODUCTION

LTs (leukotrienes) were discovered by Samuelsson and co-workers
in 1979 [1–3]. The first two steps in LT biosynthesis implicate
5-LO (5-lipoxygenase), which transforms free AA (arachidonic
acid), first into 5-HpETE (5-hydroperoxyeicosatetraenoic acid)
then into LTA4 [4]. These two steps are distinct and the inter-
mediate 5-HpETE, may be enzymatically reduced to 5-HETE (5-
hydroxy ETE). In intact cells, the production of LTA4 is greatly
enhanced by the translocation of 5-LO to the nuclear membranes
containing FLAP (5-LO-activating protein) [5–7]. Indeed, Sf9
cells expressing 5-LO produced LT only when FLAP was co-
expressed [8]. The actual role of FLAP in 5-LO product bio-
synthesis in intact cells is not well understood. Two hypotheses
either identify FLAP as a 5-LO nuclear anchor protein [6] or
an AA presentation protein [9,10], both suggesting that FLAP
and 5-LO are associated or lie in close proximity at the nuclear
membrane level. The translocation of 5-LO to the nuclear mem-
brane [11] and its activation [12] involves an increase in cytosolic
calcium concentration and implicates the N-terminal β-barrel
domain of 5-LO [13]. Other studies have also shown that phos-
phorylation of 5-LO may be important for translocation and ac-
tivity [14–16]. Interestingly, this nuclear translocation of 5-LO
was shown to be essential for LT biosynthesis in whole cells [6]
but not in cell lysates [11].

Until now, no direct association between 5-LO and FLAP has
been demonstrated. The only evidence of such interaction between
FLAP and 5-LO and its relevance to LT biosynthesis is derived
from studies using the FLAP inhibitor MK-886, which was shown
to inhibit both 5-LO nuclear translocation and LT biosynthesis.
Interestingly, MK-886 competes with AA for binding to FLAP,

thus blocking the potential AA transfer from FLAP to 5-LO [17].
As stated previously, in Sf9 cells expressing 5-LO with or without
FLAP a correlation was observed between the presence of FLAP
and the formation of LTA4 [8]. This suggested that FLAP favours
the formation of LT over that of 5-HETE. These and other results,
illustrate that FLAP and 5-LO are at the crossroad of biosynthetic
pathways which lead to the formation of very potent 5-LO-derived
lipid mediators of inflammation, such as the LTs and the lipoxins
[18–21].

Given the critical importance of FLAP in 5-LO product
biosynthesis, experiments involving cell fractionation and cross-
linkers were undertaken in an attempt to define putative molecular
organization of FLAP (and other proteins) in relation to LT bio-
synthesis. In the present study, we provide evidence that FLAP
occurs as a monomer and homodimer in human PMN (poly-
morphonuclear cells) and Sf9 cells expressing active FLAP mu-
tants. We also demonstrate that FLAP inhibitors disrupt the FLAP
dimer, an effect likely to be relevant to their mechanism of in-
hibition of LT biosynthesis. Finally, we have shown that AA, at
concentrations previously shown to inhibit LT biosynthesis
(� 10 µM), disrupts the dimer. These observations support the
hypothesis that the organization of FLAP as a homodimer is
essential for LT biosynthesis.

MATERIALS AND METHODS

Materials

Polyclonal FLAP antisera anti-H4, anti-H5, anti-H9 [22], the
different baculoviruses, L-739,010, MK-0591 and MK-886 were
generously given by Merck Frosst (Pointe-Claire, Canada). The

Abbreviations used: AA, arachidonic acid; DFDNB, 1,5-difluoro-2,4-dinitrobenzene; FBS, foetal bovine serum; FLAP, 5-lipoxygenase-activating protein;
HBSS, Hanks’ balanced salt solution; 5-HETE, 5-hydroxyeicosatetraenoic acid; 5-HpETE, 5-hydroperoxyETE; LT, leukotriene; 5-LO, 5-lipoxygenase;
MAPEG, membrane-associated protein in eicosanoid and glutathione metabolism; NHS-ASA, N-hydroxysuccinimidyl-4-azidosalicylic acid; NP40, Nonidet
P40; PAF, platelet activating factor; PGB2, prostaglandin B2; PMN, polymorphonuclear cells; sulpho-HSAB, N-hydroxysulphosuccinimidyl-4-azidobenzoate;
sulpho-SADP, N-sulphosuccinimidyl-(4-azidophenyl)-1,3′-dithiopropionate.
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BLT-1 receptor antagonist CP-105,696, the PAF (platelet activ-
ating factor) receptor antagonist BN-50,730, the FLAP inhibitors
BAY-1005 and BAY-1015, and the CoA independent transacylase
inhibitor SB-216,754 were obtained from Pfizer Inc. (Groton,
CT, U.S.A.), Institut Henri-Beaufour (Paris), Bayer (Germany)
and Smith-Kline Beecham Pharmaceuticals (King of Prussia, PA,
U.S.A.) respectively. The 5-LO monoclonal antibody was from
RDI (Flanders, NJ, U.S.A.). Sf9 cells were obtained from Phar-
mingen (Mississauga, Canada). Tumour necrosis factor α and
granulocyte/macrophage colony-stimulating factor were from
Peprotech (Rocky Hill, N.J., U.S.A.). LTB4, ethyl arachidonate,
PGB2 (prostaglandin B2) and 19-hydroxy-PGB2 were from
Cayman (Ann Arbor, MI, U.S.A.). Eicosanoic acid was from Nu-
Chek Prep Inc. (Elysian, MN, U.S.A.). Thapsigargin was from
RBI (Natick, MA, U.S.A.). Cytochalasin B, AA, PAF, N-
formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP), A23187,
lipopolysaccharide and dexamethasone were obtained from
the Sigma Chemical Co. (St. Louis, MO, U.S.A.) and sul-
pho-HSAB (N-hydroxysulphosuccinimidyl-4-azidobenzoate),
NHS-ASA (N-hydroxysuccinimidyl-4-azidosalicylic acid),
sulpho-SADP [N-sulphosuccinimidyl-(4-azidophenyl)-1,3′-di-
thiopropionate] and DFDNB (1,5-difluoro-2,4-dinitrobenzene)
were obtained from MJS Biolynx Inc. (Brockville, Canada).
TNM-FH insect medium, FBS (foetal bovine serum) Premium
and gentamicin were from Wisent Inc. (St-Bruno, Canada).

Isolation of human PMN

Venous blood was obtained from healthy donors and collected
on heparin as anticoagulant. PMN were prepared as described
previously [23] and resuspended in HBSS (Hanks’ balanced salt
solution) containing 10 mM Hepes without calcium. This study
was approved by the Laval University Ethics Committee and blood
donors have signed an Informed Consent Form.

Cell stimulation and 5-LO product analysis

PMN (5 × 106/ml) were preincubated in HBSS containing
1.6 mM CaCl2 for 5 min at 37 ◦C. FLAP inhibitors were added
during the preincubation period. When AA was used, PMN
suspensions were preincubated in the presence of adenosine
deaminase (0.3 unit/ml) for 5 min, to prevent inhibition of LT bio-
synthesis by adenosine spontaneously released in PMN suspen-
sions [24]. Cell suspensions were then incubated with the indi-
cated concentrations of AA for 5 min at 37 ◦C and incubations
were stopped by the addition of 0.5 ml of cold (0 ◦C) acetonitrile/
methanol (1:1, v/v) containing internal standards (12.5 ng each
of 19-hydroxy-PGB2 and PGB2) and stored overnight at −20 ◦C.
The precipitates were removed by centrifugation (2000 g, 15 min
at 4 ◦C) and the supernatants were analysed for 5-LO product
content by HPLC as described previously [25].

Nonidet P40 (NP40) lysis and quantitation of 5-LO translocation

PMN (5 × 106/ml) were preincubated in HBSS containing
1,6 mM CaCl2 and 0.3 unit/ml adenosine deaminase for 5 min at
37 ◦C. Cell suspensions were then incubated with or without AA
for 5 min and the cells were pelleted (300 g for 2 min, 4 ◦C). PMN
were resuspended in 0.6 ml of lysis buffer [10 mM Tris/HCl
(pH 7.4), 10 mM NaCl, 1 mM EDTA and 0.1% NP 40] containing
an antiprotease cocktail (1 mM PMSF, 10 µg/ml leupeptin and
10 µg/ml aprotinin), vortexed for 15 s and left on ice for 5 min.
The nuclei were then recovered by centrifugation (500 g for
10 min, at 4 ◦C), washed once with lysis buffer without NP 40,
solubilized in 250 µl of Laemmli buffer and heated to 100 ◦C for
10 min. Quantitation of 5-LO was achieved by 9% SDS/PAGE

and Western-blotting as described previously [26]. Quantification
of band intensities (densitometry) was performed using a Multi-
mage Light Cabinet (Alpha Innotech Corp., CA, U.S.A.) and
the Alphamanager 2000 version 3.3i software. Briefly, the bands
of interest were integrated and the background (intensity of an
empty lane at the corresponding level) was subtracted. The values
obtained for the controls were set to 1 or 10 (arbitrary units)
depending on the type of experiments and intensities of other
bands were normalized to that of controls. Ponceau Red staining
was used to assess equal loading of samples.

Isolation of PMN cellular membranes

PMN suspensions (in Ca2+-free HBSS containing 10 mM Hepes)
were pelleted and resuspended in sucrose buffer [10 mM
Hepes (pH 7.4), 0.5 M sucrose and 1 mM EDTA] containing the
antiprotease cocktail. Sonication was performed on ice using a
Branson Sonifier 450 at minimum intensity (level 1) duration 20 s.
Lysates were centrifuged (500 g for 5 min, 4 ◦C) to remove intact
cells and large cell debris and the supernatants were subjected
to ultracentrifugation (73000 g for 30 min, 4 ◦C). Pellets (mainly
cellular membranes) were resuspended at 15 × 106 PMN equi-
valent in 250 µl of HBSS, 10 mM Hepes (pH 7.4) and 1.6 mM
CaCl2, and used in cross-linking experiments.

Sf9 cell culture and baculovirus infection

Sf9 cell culture was performed according to the distributor’s
instructions. Briefly, cells were cultured in Hinks TNM-FH me-
dium containing 10% FBS Premium and 0.1 µg/ml gentamicin.
Confluent cells were split 1:3 and infected with the baculoviruses
using a MOI (multiplicity of infection) of � 3. Unless otherwise
indicated (in Figure legend), in experiments where 5-LO and
FLAP were co-expressed, the Sf9 cells were infected with the
5-LO baculovirus one day before the FLAP baculovirus, given
the slower expression of the 5-LO. The Sf9 cells infected with the
different baculoviruses were harvested simultaneously, 3–4 days
after infection. Sf9 cells were washed once with HBSS without
Ca2+ and resuspended at 5 × 106/ml in HBSS, 10 mM Hepes
(pH 7.4), 1.6 mM CaCl2 and were sonicated on ice using a
Branson Sonifier 450 at minimum intensity (level 1), duration
20 s. Lysates were used directly in cross-linking experiments
without membrane enrichment, except for the experiments shown
in Figure 1 which were performed on Sf9 cell membranes prepared
as described above for PMN membranes.

Cross-linking experiments

Cross-linking experiments were performed on cellular mem-
branes obtained from 15 × 106 PMN or from lysates of 5 × 106 Sf9
cells in 250 µl and 1 ml of HBSS/Hepes buffer respectively.
When used in these experiments, AA or FLAP inhibitors were
added at room temperature, 5 min before treatment with the
cross-linkers. Sulpho-HSAB or sulpho-SADP, two photoreactive
heterobifunctional cross-linkers (solubilized in DMSO at 20 mg/
ml) were added to the membrane suspensions or lysates at the
final concentration of 20 µg/ml; incubations were maintained for
15 min at room temperature to allow the first step of the cross-
linking process to occur. The UV dependent reaction (phenyl
azide) of the cross-linking (second step) was then induced by a
10 min exposure to UV light in a Hoefer UV Crosslinker 500
at maximum intensity. DFDNB, a short (3 Å) homobifunctional
cross-linker, reacting instantly (without UV) with amino groups,
was specifically used in experiments aimed at detecting putative
high molecular mass 5-LO- and/or the FLAP-containing com-
plex in Sf9 cells. DFDNB was used at the final concentration
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Figure 1 FLAP homodimer in PMN and Sf9 cells

(A) Immunoblot analysis of human PMN membrane proteins with the FLAP antiserum anti-H5.
Membranes from 15 × 106 PMN equivalent were resuspended in HBSS and treated with the
cross-linker sulpho-HSAB (20 µg/ml) for 15 min. The reaction was stopped with sample buffer
and proteins were analysed by SDS/PAGE using a 5–20 % gradient. (B) Immunoblot analysis
of Sf9 cell membrane proteins with the FLAP antiserum anti-H4. Sf9 cells were infected for
3–4 days with a baculovirus containing FLAP. Sf9 cells were sonicated in HBSS and membranes
from 5 × 106 cell equivalents were resuspended in HBSS. Cross-linking and electrophoresis
were performed as in (A). (C) Gel-strip 2D-electrophoresis of Sf9 cell membranes. The sample
was prepared as in (B), treated with the cross-linker and processed as described in the Material
and methods section. Proteins were separated first on a pH 3–10 gradient strip and then by
5–20 % SDS/PAGE gradient. The membrane was blotted with the FLAP antiserum anti-H5. M-H,
membrane treated with the cross-linker sulpho-HSAB; M, untreated membranes. Results shown
are from one experiment and are representative of four different experiments.

of 5 µg/ml and added directly to the Sf9 cell lysates, without
membrane enrichment. Sf9 cell lysates were then incubated for
15 min at room temperature to allow cross-linking to occur. After
treatment with the cross-linkers, samples were solubilized by the
addition of 5× Laemmli buffer (100 ◦C for 10 min) and stored
at −20 ◦C (sulpho-SADP required Laemmli buffer without 2-
mercaptoethanol). SDS/PAGE (10–20 % gradient) and Western
blot analysis was used to quantify the FLAP monomer and
dimer. The immunoblot analysis of the 5-LO-containing complex
and the dimer on the same membrane required the use of 5–20%
gradient gels. Quantification of band intensities was performed as
described above for 5-LO quantification. Ponceau Red staining
was used to assess equal loading of samples.

2D electrophoresis

The Sf9 membrane preparation treated with the cross-linking
reagent was desalted and concentrated using the Bligh and Dyer
chloroform/methanol extraction procedure. The pellet was resus-
pended in 1% SDS; SDS concentration was then decreased to
� 0.25% using a 8 M urea, 2 % NP 40 (w/v), 60 mM dithio-
threitol, 2% Pharmalyte 3–10 and 0.002% Bromophenol Blue
solution. 2D electrophoresis was performed on an Immobiline
Drystrip pH 3–10, 11 cm, using an EttanTM IPGphorTM

(Amersham). Rehydration under voltage was used to load the
sample (200 µl) on to the strip and isoelectric focusing was
performed immediately as part of the same standard programmed
protocol. The strip was then equilibrated in SDS equilibration
buffer [50 mM Tris/HCl (pH 8.8), 6 M urea, 30% glycerol, 2%
SDS and 0.002% Bromophenol Blue]. The second dimension
was performed on a preparative 5–20% SDS/PAGE gradient.

RESULTS

Presence of FLAP homodimer in human PMN

The occurrence of FLAP multimers in human PMN was assessed
using cross-linkers and Western blot analysis of FLAP in PMN
membranes. Figure 1(A) shows the presence of FLAP in the mem-
brane preparation as expected. When PMN membranes were
treated with the cross-linking agent sulpho-HSAB, prior to
Western blot analysis, a second band was observed at 32 kDa,
compatible with the presence of a FLAP dimer. The same re-
sults were obtained with three different FLAP antisera (anti-H4,
anti-H5 and anti-H9, results not shown), and the 32 kDa band
was not observed using the secondary anti-(rabbit IgG) antiserum
alone, confirming the presence of FLAP in the 32 kDa band.
Moreover, the same results were obtained using other cross-
linkers with different characteristics, NHS-ASA, sulpho-SADP
and DFDNB (results not shown). FLAP immunoreactive material
above the 32 kDa band was not detected in any experiments.

In order to assess the nature of the 32 kDa band as a FLAP
homodimer, experiments were also carried out using Sf9 cells
expressing FLAP. Whereas the native Sf9 cells did not show
FLAP or the 32 kDa band (results not shown), Figure 1(B) clearly
shows that the transfected Sf9 cells expressed FLAP and that treat-
ment with the cross-linker sulpho-HSAB also resulted in a second
FLAP immunoreactive band. The same samples were also used
for gel-strip 2D electrophoresis (as described in the Materials and
methods section) and Figure 1(C) clearly shows that FLAP
and the 32 kDa band have the same apparent isoelectric point,
which is strongly supportive that the latter is a FLAP homodimer.

FLAP dimer disruption by AA

It was shown previously that FLAP binds AA. We therefore in-
vestigated the effect of AA on FLAP-dimer level in PMN mem-
branes; these experiments were carried out on isolated PMN
membranes because the various hydrosoluble cross-linkers used
do not react with intracellular components efficiently in intact
cells. Figure 2(A) shows that low micromolar concentrations of
AA (up to 5 µM) have no effect on the FLAP-dimer content
of PMN membranes. Interestingly, higher concentrations of AA
(10 and 20 µM) clearly decreased the FLAP-dimer content of the
membranes. Since 5-LO translocation is FLAP-dependent and
critical for LT biosynthesis in human PMN, the effect of AA on
these processes was also investigated in the same experimental
conditions. Figure 2(B) shows that the effect of AA on 5-LO
translocation is complex, with an initial stimulation at concen-
trations up to 5 µM, inhibition at 10 µM and a strong stimulation
at 20 µM (and above). This multiphasic pattern was highly re-
producible. Figure 2(B) also shows that exogenous AA, up to
a concentration of 5 µM, causes an increase in LTB4, whereas
the further elevation of substrate concentration results in a clear
inhibition of LTB4 formation. In the same experiments, the form-
ation of 5-HETE increased at AA concentrations 1 to 20 µM (see
Discussion section). Most importantly, in these experiments the
FLAP inhibitor MK0591 completely blocked 5-LO translocation
and 5-LO product biosynthesis elicited at AA concentrations of
1 to 5 µM (Figure 3C), but not 5-LO translocation or 5-HETE
formation induced by high AA concentration (� 20 µM), indi-
cating that at high AA concentrations, these events are FLAP-
independent. These results demonstrate that AA at concentrations
of 10 µM and above causes a decrease of FLAP-dimer content,
which parallels the decrease in FLAP-dependent 5-LO trans-
location and LTB4 biosynthesis. These experiments thus support
a functional link between the FLAP dimer and LT biosynthesis in
human PMN.
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Figure 2 Effects of arachidonic acid on PMN

(A) Effect of AA on FLAP dimer level. Membranes from 15 × 106 PMN equivalent were pre-treated with AA for 5 min before the addition of the cross-linker sulpho-HSAB (20 µg/ml), as described
in the Materials and methods section. Total proteins were analysed by SDS/PAGE (10–20 % gradient) and the membrane was blotted with the FLAP antiserum anti-H5. (B) Effect of AA on 5-LO
translocation and 5-LO product biosynthesis. Intact PMN (5 × 106) were pre-treated with adenosine deaminase (0.3 unit/ml) for 5 min at 37◦C and then stimulated with the indicated concentrations
of AA for 5 min. Nuclei were obtained by 0.1 % NP 40 hypotonic lysis as described in the Materials and methods section. Nuclear proteins were analysed by SDS/PAGE (5–20 % gradient) and
the membrane was blotted with the 5-LO antibody. For the determination of 5-LO product biosynthesis, the reactions were stopped with cold (0◦C) methanol/acetonitrile (50:50, v/v) containing
internal standards. 5-LO products were measured by reverse phase HPLC. Each incubation was performed in triplicate. LTB4 represents the sum of LTB4 and its ω-oxidation products (6-trans- and
6-trans-12-epi-LTB4 are not detectable under these experimental conditions). (C) Experiments were performed as described in (B) with the exception that PMN were exposed to 100 nM MK-0591
for 5 min before stimulation with AA. Results shown are from one experiment and are representative of three different experiments.

Dimerization of FLAP mutants in Sf9 cells

As an alternative approach to assess the biological significance
of the FLAP dimer in LT biosynthesis, we used baculovirus con-
structs containing either wild-type (wt) FLAP or FLAP mutants
[8] in the Sf9 expression system. Figure 3 shows that in Sf9 cells
FLAP forms a homodimer and that the various mutations alter
this process. The FLAP mutant D62N was previously reported
to support 5-LO product biosynthesis, even more efficiently than
FLAP itself under given experimental conditions [8]. Interest-
ingly, we observed that the expression of the active mutant
D62N also enabled the formation of this FLAP mutant dimer.
Similar analyses were performed using two other FLAP mutants
previously reported to be unable to support LT biosynthesis. As
seen in Figure 3, no dimer was detectable using the FLAP mutant

del 37–53, in support of the concept that the FLAP dimer may be
a critical structure for LT biosynthesis in intact cells. Similarly,
the third mutant tested, del 148–161, also reportedly unable to
support LT biosynthesis, allowed only the formation of a very
small amount of the dimer.

Effect of FLAP inhibitors on the FLAP homodimer

The next series of experiments was undertaken to determine
if the FLAP inhibitors affect the level of FLAP homodimer in
human PMN. Figures 4(A) and 4(B) show that exposure of PMN
membranes to the FLAP inhibitors MK-0591 and BAY-1005
before treatment with the cross-linker results in a dose-dependent
decrease in the amount of FLAP homodimer in PMN membranes.
As expected, when the PMN membranes were treated first with the
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Figure 3 FLAP mutant dimers in Sf9 cells

Sf9 cells were cultured and infected with baculoviruses. Post infection (3–4 days), Sf9 cells
expressing the various FLAP mutants were sonicated and the lysates were treated with the
cross-linking agent sulpho-HSAB (20 µg/ml) as described in the Materials and methods
section. The reaction was stopped with the sample buffer and the proteins were analysed by
SDS/PAGE using a 5–20 % gradient and the FLAP antiserum anti-H5. Results shown are from
one experiment and are representative of three different experiments.

cross-linker and then exposed to a FLAP antagonist, the drug did
not affect the level of the dimer (results not shown). The potency of
the FLAP inhibitors for blocking LT biosynthesis (IC50 ≈ 10 and
150 nM for MK-0591 and BAY-1005 respectively), was similar to
their potency at causing disruption of the FLAP dimer. The lower
panels of Figures 4(A) and 4(B) show the levels of the FLAP
(monomer) in the PMN membranes (as revealed by a shorter 30 s
exposure time); these results clearly show that treatment of the
PMN membranes with the cross-linker not only results in ap-
pearance of the FLAP dimer but also a fall in the FLAP level in
the PMN membranes as expected. Moreover, the addition of the
FLAP antagonists, which causes the disappearance of the dimer,

also resulted in the complete recovery of FLAP levels. Figure 4(C)
shows the effect of the FLAP inhibitor MK-0591 in human
PMN activated with 5 µM AA. MK-0591 caused concentration-
dependent and parallel inhibition of both 5-LO translocation to
nuclear structures and 5-LO product biosynthesis, as previously
reported.

Formation of a 5-LO-containing complex in the Sf9 cell
expression system

The pivotal role of FLAP in LT biosynthesis has led to the
suggestion that FLAP and 5-LO may form a molecular complex.
This was investigated using Sf9 cells co-expressing FLAP and
5-LO and the cross-linker DFDNB (spacer arm 3.0 Å). As shown
in Figure 5(A), Western blot analysis of 5-LO in transfected Sf9
cell lysates, revealed the presence (in addition to 5-LO itself)
of a band at approx. 186 kDa. Western blot analysis of FLAP
using three different FLAP antisera raised against different
parts of the molecule did not allow the demonstration of
FLAP immunoreactivity of this 186 kDa band. Figure 5(A) also
shows that detection of the 5-LO-containing complex is strongly
enhanced by addition of AA, up to 5 µM, which is then decreased
at 10 µM and above. Interestingly, as shown in Figure 5(B), the
formation of the FLAP dimer was unaffected by AA at con-
centrations up to 5 µM, but was also strongly inhibited at 10 µM
and above. To further investigate the putative role of FLAP in
the formation of the 5-LO-containing complex, we produced Sf9
cells expressing 5-LO protein and increasing amounts of FLAP
D62N mutant. Figure 5(C) shows Western blot analysis of 5-
LO and FLAP in Sf9 cells infected with the same amount of
5-LO baculovirus and increasing amounts of FLAP D62N mutant
baculovirus. As expected, the cells expressed similar amounts of

Figure 4 Effects of FLAP inhibitors on FLAP dimer and 5-LO product biosynthesis in PMN

(A) and (B) membranes from 15 × 106 PMN equivalent were exposed to MK-0591 or BAY-1005 for 5 min before treatment with sulpho-HSAB (20 µg/ml), as described in the Materials and methods
section. The reaction was stopped with sample buffer and proteins were analysed by SDS/PAGE using a 5–20 % gradient and the FLAP antiserum anti-H5. Membranes were exposed for 30 s and
4 min for quantification of FLAP and FLAP-dimer respectively. (C) Intact PMN (10 × 106/ml) were pretreated with various concentrations of the FLAP inhibitor MK-0591 in the presence of adenosine
deaminase (0.3 unit/ml) for 10 min at 37◦C and then stimulated with 5 µM AA for 5 min. The incubations were stopped by addition of 1 vol. of cold (0◦C) HBSS and then centrifuged (1000 g for
1 min, 4◦C). The supernatants were denatured by addition of 0.5 vol. of cold (0◦C) methanol/acetonitrile (50:50, v/v) containing internal standards and 5-LO products were analysed as described
in the Materials and methods section. The cell pellets were processed for nuclear 5-LO analysis as described in Figure 2(B) (legend). 5-LO products represent the sum of LTB4 and its ω-oxidation
products and 5-HETE. Results shown are from one experiment and are representative of three different experiments.
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Figure 5 5-LO-containing complex in Sf9 cells and effects of arachidonic acid

(A) and (B) Sf9 cells were infected with 5-LO baculoviruses one day before infection with the FLAP mutant D62N baculoviruses to insure adequate expression of the 5-LO, as described in the
Materials and methods section. After infection (3 days) with the FLAP mutant baculoviruses, cells were exposed to various concentrations of AA for 5 min, sonicated and the lysates were treated
directly with the cross-linker DFDNB (5 µg/ml) for 15 min (membrane enrichment procedures strongly decreased the level of 5-LO complex). The reaction was stopped with sample buffer and
the proteins were analysed by SDS/PAGE using a 5–20 % gradient. (A) Shows immunoblot analysis using the 5-LO antibody. (B) Shows immunoblot analysis using the FLAP antiserum anti-H5.
(C) Sf9 cells were infected with the baculovirus containing 5-LO, or with the baculovirus containing 5-LO, and increasing amounts of the baculovirus containing the FLAP mutant D62N. The presence
of D62N, D62N-dimer, 5-LO and 5-LO-containing complex in the infected Sf9 cells was analysed as described above (A) and (B). The amount of baculoviruses used for Sf9 infection is expressed
as µl of baculovirus suspension added to the Sf9 cells. The bands at approx. 80 and 150 kDa are Sf9 cell proteins (see Results section) and their detection in immunoblot analysis using the 5-LO
antibody was highly variable (e.g. bands not seen in 5A). Results shown are from one experiment and are representative of three different experiments.

5-LO and the level of D62N increased with additive amounts of
FLAP D62N mutant baculovirus. As shown in Figure 5(C), the 5-
LO-containing complex was undetectable in absence of D62N and
progressively increased in amount in Sf9 cells expressing D62N
and the D62N dimer. Except for the 186 kDa 5-LO-containing
complex, which was undetectable in Sf9 cells not treated with the
cross-linker, immunoblot analysis (with the 5-LO antibody) of
lysates treated or without the cross-linker were identical (results
not shown). The two bands at approx. 80 and 150 kDa (Figure 5C,
lower panel) are Sf9-cell proteins (detected in non-transfected
Sf9 cells); their detection with the 5-LO antibody was highly
variable (e.g bands were not observed in the experiment shown

in Figure 5A) and independent of treatment with a cross-linker.
Finally, it should be noted that with the exception of the two
unspecific bands at approx. 80 and 150 kDa that were occasionally
detected (unrelated to 5-LO expression in the Sf9 cells), no 5-LO
immunoreactive material could be detected between 75 kDa (5-
LO) and 186 kDa (5-LO-containing complex) in our experiments
using Sf9 cells expressing both 5-LO and FLAP (Figure 5A).
These results indicate that the presence of FLAP is required
for the formation of the 5-LO-containing complex. These results
do not, however, conclusively demonstrate that FLAP is present
in the complex, nor do they exclude the possibility that the 5-LO-
containing complex might contain other components.
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DISCUSSION

Several studies have demonstrated a role for FLAP in 5-LO pro-
duct biosynthesis [6–9]. The results of the present study are fully
compatible with an extension of this finding that would thus
implicate the FLAP dimer rather than the monomer. Indeed, we
demonstrate in the present study that FLAP is present in PMN
membranes as monomers and homodimers, and the functional
importance of the dimer (as opposed to the monomer) in LT bio-
synthesis was demonstrated using three distinct approaches. Since
AA was previously reported to bind to FLAP [17] and to inhibit
LT biosynthesis (at concentrations � 10 µM) [24], we investigated
the impact of the fatty acid on the level of the dimer. Our results
show that exogenous AA at concentrations up to 5 µM did not
enhance the levels of FLAP dimer but that high AA concentrations
(� 10 µM) decrease FLAP dimer levels both in PMN and Sf9
cells. This supports the possibility that AA, when present in
excessive amounts (� 10 µM), could disrupt or destabilize the
FLAP dimer, an effect which correlates with the suppression
of 5-LO product biosynthesis by the fatty acid. Accordingly,
eicosanoic acid (C20:0) and the ethyl ester derivative of AA,
which were shown unable to bind to FLAP [27], did not affect the
level of the FLAP dimer or inhibit 5-LO product biosynthesis at
concentrations up to 30 µM (results not shown). Thus these results
provide the first evidence for the relevance of the FLAP dimer as
an important element in the 5-LO pathway for the formation of
LT and 5-HETE.

In these experiments, it was intriguing that at high AA con-
centrations (10–20 µM), 5-HETE formation and 5-LO trans-
location progressively increased, whereas FLAP dimer levels
and LTB4 formation were inhibited. A logical explanation for
these contrasting findings could be that at the high AA concen-
trations tested, the formation of 5-HETE and massive 5-LO
translocation are largely FLAP-independent. This was confirmed
by using the FLAP antagonist MK-0591, which at high AA
concentrations, completely inhibited LTB4 biosynthesis but only
partially inhibited 5-HETE formation. In agreement with this,
5-LO translocation observed at 20 µM AA was not inhibited by
MK-0591 and thus also appeared to be FLAP-independent of
5-LO binding to nuclear structures. It must be pointed out,
however, that the biological significance of the biosynthesis of
5-HETE under such conditions of high substrate concentration
(10–20 µM) is unclear.

Further assessment of the functional significance of the FLAP
dimer was achieved using FLAP mutants. We investigated one
active (D62N) and two inactive (del 37–53 and del 148–161)
FLAP mutants. The FLAP homodimer was observed in Sf9 cells
expressing FLAP and the active FLAP mutant D62N, but not
in FLAP mutant del 37–53 and to a much lesser extent in cells
expressing the inactive FLAP mutant del 148–161. The results
obtained using the inactive mutants del 37–53 and del 148–161
suggest that the deleted amino acids are important for FLAP
dimer formation, which in turn appears critical to LT biosynthesis.
Interestingly, our studies using mutant del 37–53, which does not
contain the FERV sequence (amino acids 50–53), a conserved
sequence of FLAP among various species and among several
human MAPEG (membrane-associated protein in eicosanoid and
glutathione metabolism) proteins, support the putative importance
of this sequence in FLAP function [28].

Our experiments using the FLAP inhibitors MK-0591 and BAY-
1005 clearly showed the ability of these compounds to disrupt
the FLAP homodimer in human PMN membranes. MK-886 and
BAY-1015, two other FLAP inhibitors, also caused FLAP dimer
disruption (results not shown). Several other compounds tested
in parallel, such as CP-105,696 (a BLT-1 antagonist), BN-50,730

(a PAF receptor antagonist), L-739,010 (a 5-LO inhibitor) and
SB-216,754 (an inhibitor of CoA independent transacylase) had
no effect on the level of FLAP homodimer in PMN membranes
(results not shown). These results demonstrate that disruption of
the dimer is specific to FLAP inhibitors and could be a feature
of their mechanism of action, and further support the possibility
that the FLAP dimer is essential to LT biosynthesis in intact
cells. Our experiments using MK-0591 have also shown that the
drug inhibits, at similar concentration–response curves, dimer
formation, 5-LO translocation and 5-LO product biosynthesis,
thus raising the intriguing possibility that the putative interaction
of 5-LO with FLAP may instead implicate the FLAP dimer, and
that the inhibitory effect of FLAP inhibitors on 5-LO translocation
may be a direct consequence of the homodimer disruption. Finally,
this observation is interesting in view of the recent report that
BAY-1005 was able to block proteinuria in diabetic rats, an effect
shown to be unrelated to its inhibitory effects on LT biosynthesis
[29]. Our findings raise the possibility that the inhibitory effect of
BAY-1005 on this novel function of FLAP might involve dimer
disruption.

FLAP is a member of the MAPEG family which includes
several proteins such as LTC4 synthase, the microsomal gluta-
thione transferase-1 and the microsomal PGE synthase-1. Interest-
ingly, all these proteins have been shown to form homodimers or
homotrimers [30–32], which in some cases were shown to be the
active forms of these enzymes. Recently, it was also demonstrated
in a rat basophilic cell line (RBL-2H3), that FLAP was able to
form multimers by itself or with the LTC4 synthase, suggesting a
potential role for these molecular complexes in LT biosynthesis
[33]. In the present study, in both human PMN and FLAP-
transfected Sf9 cells, we did not observe immunoreactive material
corresponding to a FLAP trimer. Among all known MAPEG
proteins, the LTC4 synthase has the highest structural similarity
with FLAP; interestingly, by analogy with our observations
indicating a functional role for FLAP dimer in LT biosynthesis,
the catalytically active LTC4 synthase has been shown to be a
homodimer [30].

In the course of the present studies, experiments using the
cross-linker DFDNB led to the detection of a 186 kDa complex
reactive to 5-LO antibody, but not detectable using FLAP antisera,
in Sf9 cells expressing 5-LO and FLAP. However, the 186 kDa
complex was absent in Sf9 cells expressing 5-LO only, suggesting
that FLAP may be a constituent of the 186 kDa 5-LO-containing
complex or is essential to its formation. The observation that the 5-
LO-containing complex was detectable only when FLAP was co-
expressed with 5-LO in Sf9 cells, indicates a putative involvement
of the 5-LO-containing complex in LT biosynthesis in intact cells.
Interestingly, the apparent molecular mass of the complex (ap-
prox. 186 kDa) is compatible with structures containing two 5-LO
and two FLAP, or one 5-LO and six FLAP. However, this latter
arrangement would have been very likely to show a strong re-
activity to FLAP antisera and a ladder pattern of FLAP on SDS/
PAGE analysis, which were not seen. Conversely, in support of a
tetrameric structure, it is distinctly possible that two large 5-LO
molecules may produce a steric hindrance preventing the inter-
action of antibodies with FLAP. It is also interesting that the
absence of an intermediate structure between 75 and 186 kDa,
may indicate that the 5-LO monomer does not form a stable com-
plex with the FLAP monomer or dimer. Our observation, that low
concentrations of AA (1–5 µM) strongly enhanced the formation
of the 5-LO-containing complex in Sf9 cells, suggests that AA
promotes the formation or increases the stability of the 5-LO-
containing complex. It is tempting to speculate that this effect
of AA (1–5 µM) on 186 kDa-complex formation may be related
to an effect of the fatty acid on 5-LO translocation (as shown
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in Figure 2B), the presence of 5-LO at the nuclear membrane
allowing the association of 5-LO with membrane components and
the formation of the 5-LO-containing complex. These results do
not exclude the possibility of the presence of another component
in the 5-LO-containing complex and conclusive characterization
of the 5-LO-containing complex will await further structural
analysis.

These results further our understanding of 5-LO product bio-
synthesis in human PMN. The results also provide a mechanism
for the inhibition of LT biosynthesis by high concentrations of
AA and FLAP inhibitors, involving disruption of the FLAP homo-
dimer. This latter observation may be of importance for the further
development of 5-LO inhibitors. Finally, our demonstration of a
5-LO-containing complex, suggests a further level of molecular
organization in the 5-LO pathway involving 5-LO and other pro-
teins, possibly FLAP.

We thank the Canadian Institutes for Health Research for financial support.
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