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Leukotrienes (LTs) are signaling molecules derived from arachi-
donic acid that initiate and amplify innate and adaptive immunity.
In turn, how their synthesis is organized on the nuclear envelope
of myeloid cells in response to extracellular signals is not under-
stood. We define the supramolecular architecture of LT synthesis
by identifying the activation-dependent assembly of novel multi-
protein complexes on the outer and inner nuclear membranes of
mast cells. These complexes are centered on the integral mem-
brane protein 5-Lipoxygenase-Activating Protein, which we iden-
tify as a scaffold protein for 5-Lipoxygenase, the initial enzyme of
LT synthesis. We also identify these complexes in mouse neutro-
phils isolated from inflamed joints. Our studies reveal the macro-
molecular organization of LT synthesis.

inflammation | multiprotein complex | 5-lipoxygenase
5-lipoxygenase-activating protein

Leukotrienes (LTs) are lipid signaling molecules derived from
arachidonic acid (AA) that initiate and amplify innate and
adaptive immune responses by regulating the recruitment and
activation of leukocytes in inflamed tissues (1-3). Cells employ
multiple mechanisms to prevent the inappropriate onset of
pro-inflammatory signaling while requiring tightly coupled pro-
cesses to trigger the generation of pro-inflammatory signaling
molecules. The interplay of these processes is epitomized by the
synthesis of LTBs and LTC,4. In unstimulated myeloid cells,
including mast cells, LT formation is held in abeyance by the
cytosolic compartmentalization of cytosolic phospholipase Az
(cPLA)) (4, 5) and the cytosolic/nucleoplasmic localization of
5-lipoxygenase (5-LO) (6). LT formation is initiated by trans-
location of cPLA; to the Golgi and ER/nuclear envelope to
release AA (4, 5). In parallel, 5-LO targets to the inner and outer
nuclear membranes to initiate LT synthesis by converting AA to
5-HPETE and LTA,, a process that requires the integral nuclear
envelope protein 5-lipoxygenase-activating protein (FLAP) (7-
9). Although we have shown that LTC, synthase and FLAP
constitutively interact on the nuclear envelope (10), how or
whether 5-LO interacts with these proteins on the nuclear
envelope in response to cell signaling is unknown.
Understanding how cells couple the reorganization of the LT
biosynthetic enzymes to efficient AA utilization is central to
understanding the signal transduction pathways that control the
synthesis of bioactive lipids derived from AA. Scaffold/docking
proteins can localize components of biochemical reactions at
membrane interfaces; examples include protein kinase A an-
choring proteins (11) and the integral membrane proteins caveo-
lins 1-3 (12). The dependence of cellular LT synthesis on FLAP
(7, 8) and its membrane localization (9) make it a conceptually
appealing candidate for a 5-LO scaffold. However, no interac-
tion of 5-LO with any membrane protein has been detected.
A closely related question is: how do different combinations of
extracellular signals lead to LT generation? For example, in mast
cells, the engagement of FceR1 by IgE/antigen triggers LT synthe-
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sis, whereas in eosinophils and polymorphonuclear leukocytes
(PMN), a combination of cytokines, G protein-coupled receptor
ligands, or bacterial lipopolysaccaharide perform this function
(13-15). An emerging theme in cell biology and immunology is that
assembly of multiprotein complexes transduces apparently dispar-
ate signals into a common read-out. We therefore sought to identify
multiprotein complexes that include 5-LO associated with FLAP
and are assembled in response to inflammatory signaling. We
report the identification of LT synthetic complexes, structures
regulating inflammation, which are assembled on inner and outer
nuclear membranes in response to cell activation. These structures
are found in both RBL-2H3 cells stimulated via FceR1 and in
mouse PMN isolated from inflamed joints in an IgE-independent
model of arthritis. These complexes are centered on FLAP, which
we identify as a nuclear envelope scaffold protein for 5-L.O, and also
contains additional proteins. Our studies reveal the macromolec-
ular organization of the synthetic machinery for LTs. Furthermore,
by defining a supramolecular organization to LT synthesis, we
establish a conceptual model that allows the understanding of how
diverse signals are integrated on nuclear membranes to initiate LT
synthesis by assembling a common molecular platform.

Results

5-LO and FLAP Interact on the Nuclear Envelope. Our approach to
establishing the membrane organization of LT synthesis was to
identify FLAP as a scaffold protein for 5-LO and use this
interaction to locate LT synthetic complexes in vivo and then as
a focal point to probe for other complex components. We
initially used RBL-2H3 cells stimulated via FceR1 because they
are an established system for analyzing the synthesis of LTs.
Several considerations made antibody (Ab)-based Fluorescence
Lifetime Imaging Microscopy (FLIM) the approach of choice to
image the interaction between 5-LO and FLAP. First, based on
its crystal structure (16) the N- and C- termini of FLAP are on
the opposite side of the membrane from 5-LO. Second, the
placement of fusion proteins on 5-LO must be on the N-terminal
of the enzyme to preserve catalytic function. Because FLIM
experiments in cells using fusion proteins would require energy
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Fig. 1. 5-LO and FLAP interact. (A) Imaging 5-LO/ FLAP interactions. The

localization of 5-LO in unstimulated cells (1), and 5-LO (2) and FLAP (3) in
IgE-primed cells. Pseudocolor FLIM image of primed cells probed for 5-LO (4).
Pseudocolor image of a representative cell probed for 5-LO 10 min after
stimulation with DNP-BSA (5) and of an IgE-primed cell probed for 5-LO and
FLAP (6). Pseudocolor images of cells 10 (7 and 8) and 15 min (9) after
stimulation. FLAP was detected with Ab(N) (7 and 9) or Ab(C) (8). n, nucleus;
ne, nuclear envelope; IgE, cells primed with DNP-specific IgE; IgE + DNP,
primed cells stimulated by the addition of DNP-BSA. (B) Biochemical analysis
of 5-LO interactions. Western blots of cell extracts (Left) at times after antigen
addition. Proteins immunoprecipitated with anti-5-LO Ab were resolved by
SDS/PAGE and analyzed by Western blotting for 5-LO or FLAP (Right). The
control lane "’C"" has been consolidated with the other lanes. (C) Biochemical
interactions of FLAP. Proteins were cross-linked with DMP and cell extracts
analyzed by Western blotting for FLAP (Left). Noncross-linked (1) or cross-
linked (2) controls before activation; 3: IgE-primed cells; 4: 30 min postactiva-
tion. The time course for FLAP/AP-10 dissolution is shown in the right panel.

transfer across membranes, they were projected and found to be
unsuccessful. Finally, although YFP, CFP, and GFP fusion
proteins of FLAP localize correctly within cells, they could not
reconstitute catalytic activity when paired with fusion proteins of
5-LO, presumably due to steric constraints.

RBL-2H3 cells stimulated via FceR1 have been reported to
generate LTs for 10-15 min (17) or up to 20-30 min (18). We
therefore performed our analysis within this time interval.
Initially, we examined the interaction of 5-LO with FLAP at 10
min poststimulation, where cells generated 32 ng LTC4/10° cells
(n = 2) and then at times up to 30 min. RBL-2H3 cells cultured
on slides were primed with anti-DNP IgE and activated with
DNP-conjugated BSA. The cells were fixed and 5-LO detected
with Alexa Fluor 488-conjugated secondary Ab (donor fluoro-
phore) and FLAP with Alexa Fluor 594-conjugated secondary
Ab (acceptor fluorophore). Analysis by immunofluorescence
microscopy was followed by FLIM (Fig. 14). Significant amounts
of 5-LO are localized in the nucleus in IgE primed cells (panel
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1), and a slight redistribution to the nuclear envelope occurred
(panel 2) 10 min after antigen addition. Panel 3 shows the
distribution of FLAP in the same cells.

As an initial control for FLIM, unprimed cells were probed
solely for 5-LO (not shown). After stimulation at 800 nm, the
lifetime of the donor fluorophore was 2059+/—30 picoseconds
(ps, n = 5). After IgE priming, the results were essentially the
same (as depicted in the pseudocolor image in Fig. 14 panel 4,
and in the bar graph in Fig. S1. Almost identical results were also
seen in cells stimulated for 10 min by the addition of antigen but
probed only for 5-LO (panel 5). When IgE-primed cells were
probed for both 5-LO and FLAP (panel 6), no decrease in the
lifetime of the donor fluorophore was observed, indicating no
interaction between 5-LO and FLAP.

Ten minutes after the addition of antigen the donor lifetime
decreased to 608 * 74 ps (using antibody to the N-terminal of
FLAP, AbN, n = 6, panel 7) and 606+/—53 ps (using antibody
to the C-terminal, AbC, n = 6, panel 8) respectively, as repre-
sented by the yellow-orange nuclear envelope, indicating the
interaction of 5-LO and FLAP. No interaction was observed
within the nucleus (blue) or cytosol. The interaction of 5-LO and
FLAP was also seen at 15 min (panel 9).

Biochemical Analysis of the Interactions of 5-LO. Biochemical analysis
confirmed the imaging data (Fig. 1B). RBL-2H3 cells were stim-
ulated via FceR1 for times between 5 and 30 min. At each time of
analysis the buffer was removed and analyzed for LTC,. Cellular
proteins were cross-linked with the membrane-permeant cross-
linker dimethyl pimelimidate dihydrochloride (DMP). Cells were
extracted, and the proteins resolved directly by SDS gels and
analyzed by Western blotting for 5-LO. Alternatively, proteins were
immunoprecipitated with anti-5-LO Ab before analysis for either
5-LO or FLAP. The association of 5-LO with FLAP was seen as a
faint 100 kDa band in cell extracts probed with anti-5-LO Ab 5 min
after activation. This corresponded to approximately 5% of cellular
5-LO (not shown). By 15 and 20 min this was approximately 12%
of total 5-LO (Fig. 1B Left), and remained unchanged up to 45 min.
LTC, synthesis was complete by 10 min. Western blots of immu-
noprecipitates probed with anti-5-LO Ab identified monomeric
5-LO at approximately 78 kDa and a second 100 kDa protein
species (Fig. 1B Upper Right). Using anti-FLAP Ab, only a 100 kDa
band was detected (Fig. 1B Bottom Right), identifying it as a
FLAP/5-LO dimer. Without cross-linking, only the 78 kDa 5-LO
species was detected. There was some discordance between the
percentage of 5-LO complexed to FLAP in immunoprecipitates
and total extracts. At least half the immunoprecipitated 5-LO was
dimerized to FLAP by 15 min, and by 30-40 min almost all
immunoprecipitated 5-LO was FLAP-associated. Because the per-
centage of 5-LO complexed to FLAP in direct analysis of cell
extracts remained constant after 15 min, the results in immuno-
precipitates is likely due to the preferential immunoprecipitation of
cross-linked 5-LO. Because all LTC, synthase is associated with
FLAP (19), we probed whether an interaction between LTC,4
synthase and 5-LO could be detected either by FLIM, or as a 100
kDa heterodimer by Western blotting; no interaction was found
(data not shown).

Biochemical Analysis of the Interactions of FLAP. The interactions of
FLAP were more complicated than those of 5-LO (Fig. 1C Left).
In extracts of non-activated cells only FLAP monomers were
identified without cross-linking. When proteins were cross-linked ,
multiple previously identified protein species were detected (19):
monomeric FLAP (18 kDa); a 37 kDa species corresponding to
either homodimers of FLAP or heterodimers of FLAP and LTC,
synthase, and a FLAP trimer (approximately 55 kDa). In addition,
a 28 kDa species was observed. This was felt to most likely represent
the association between FLAP and a 10kDa protein (Associated
Protein 10kDa, AP-10). After cell activation, several clear changes
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Fig. 2. LT membrane synthetic complexes are assembled in vivo. (A) Bio-

chemical analysis of mature bone marrow PMN and synovial for 5-LO. PMN
proteins were extracted and analyzed before (—) or after (+) cross-linking
with DMP. Extracts (20 ug per lane) were resolved by SDS PAGE and then
analyzed by Western blotting for 5-LO. (B) Biochemical analysis of mature
bone marrow PMN and synovial for FLAP. PMN proteins were extracted and
analyzed before (=) or after (+) cross-linking with DMP. Extracts (20 ug per
lane) were resolved by SDS PAGE and then analyzed by Western blotting for
FLAP. The asterisk (*) identifies the 5-LO/FLAP heterodimer. The MW of each
protein species in (A) and (B) is indicated on the right.

were observed that are accentuated by 30 min. First, the 5-LO/
FLAP dimer was observed at 100kDa (see Fig. 1B). In addition, the
28 kDa species was no longer detected. A minor species at approx-
imately 200 kDa was also observed but not further characterized.
Because the disappearance of the FLAP/AP-10 dimer was a
postactivation change, this was examined over a 30 min time period.
The loss of the FLAP/AP-10 dimer clearly progressed over time
(Fig. 1C Right); whether this was due to dissociation or metabolic
degradation/processing, is unknown. We also explored whether
cPLA; or LTA4 hydrolase were associated with either FLAP or
5-LO after cell activation. Neither enzyme was incorporated into
LT membrane synthetic complexes (Fig. S2). In the context of the
known trimeric structure of FLAP the ratio of monomers: dimers:
trimers of FLAP seen is best explained by the efficiency of the
cross-linking reaction which is not 100% and decreases after the
first reaction.

LT Membrane Synthetic Complexes Are Assembled in Vivo. To de-
termine whether LT membrane synthetic complexes are assem-
bled in vivo, we used the K/BxN serum transfer model of arthritis.
Joint inflammation is dependent on LTB, generation by synovial
PMN (20) and independent of FceR1 stimulation, with no
differences seen in FceR1~/~ and WT mice (21). If the formation
of LT membrane synthetic complexes is a general property of LT
formation rather than restricted to cells stimulated via FceR1,
synovial PMN should have LT membrane synthetic complexes
which are not present in quiescent mature bone marrow PMN.
To test this, proteins were extracted from bone marrow and
synovial PMN before or after cross-linking with DMP (Fig. 2. A
and B) and analyzed for the presence of membrane complexes.
No complexes were observed in bone marrow cells, whereas
5-LO/FLAP dimers were present in synovial cells probed for
5-LO (Fig. 24). FLAP homodimers, dimers, and trimers were
also identified in synovial PMN (Fig. 2B). In addition, in cellular
extracts probed for FLAP, the 28 kDa species seen in vitro was
also observed. These results confirm the ubiquitous nature of the
interactions seen in RBL-2H3 cells.

Defining Inner and Outer Nuclear Membrane Complexes. FLIM
identifies pixels of interactions, and lifetimes are quantified by
taking the mean over all pixels in the area of analysis and includes
pixels of strong, medium, weak, and no interaction. This limits
the resolution to a relatively broad area such as the entire nuclear
envelope (Fig. 34). The calculated lifetime, therefore, may not
directly represent the interaction being studied and can be
significantly different. This is particularly problematic in a
setting where an area of no interaction (the nucleus) is analyzed
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Fig. 3. Identification of spatially restricted populations of LT synthetic
complexes on the nuclear envelope. (A) Pseudocolor image of the cell nucleus.
(B) Intensity weighted histogram (gray) of the lifetimes depicted in (A). Amulti
Gaussian fit to the histogram is shown (heavy black) (RZ = 0.8). Vertical bars
show the centroid + 3 times the standard deviation for the short (red) and
long (yellow) lifetime distributions as well as a third distribution (bleed-
through). The crude mean of the lifetimes (dashed line) does not represent the
mean of either distribution. The data are transformed to a pseudocolor scale
of absorbance units for spatial plotting. (C) Spatial extent of the three distri-
butions is established by plotting the pixels whose lifetimes fall within the
colored vertical lines in B. Red = strong interactions; yellow = weak interac-
tions; blue = no FRET. Green depicts interactions that could be attributed to
yellow or blue groups. (D) 5-LO is close to the N-terminal of FLAP in the outer
nuclear membrane. The characteristic decay constants of the shorter (r1)
component of the bi-exponential fit to the donor decay profile. The average
lifetime for the shortest component was recovered using MUGLE and aver-
aged over five cells. A students t test shows significance (P ~ 0.002).

along with an area of high affinity (the nuclear envelope). In
addition, areas of intermediate affinities are not identified. To
overcome these constraints, we used an approach based on the
assumption that lifetimes in a FLIM experiment conform to a
series of Gaussian distributions around mean values and that
each mean qualitatively defines a population of interacting
proteins. Fitting an intensity-weighted histogram of lifetimes
from the region of interest with a multiple Gaussian function
allows the recovery of multiple lifetimes, even when their
distributions overlap (SI Text). These lifetimes can then be
assigned to pixels in the original image. This approach was named
“Multiple Gaussian for Lifetime Evaluation” (MUGLE, 22).

As described above, a conventional FLIM pseudocolor image
demonstrates fluorescence resonance energy transfer (FRET)
between 5-LO and FLAP on the nuclear envelope 10 min after
activation of RBL-2H3 cells (Fig. 34). The mean lifetime was
1255 ps. This data were then plotted (Fig. 3B) as an intensity-
weighted histogram (gray) of the lifetimes, and analyzed as series
of Gaussian distributions around mean values (heavy black line).
Three clear lifetime means (1,) and standard deviations (o,,) of
the distributions were detected: 569 = 92 ps, 1634.42 + 45.06 ps
and 1839.38 £ 50.05 ps. The boundaries of the distributions are
shown as vertical colored lines and bound lifetimes of 7, = 3oy,
which include >99% of the pixels contained in each distribution.
Each pixel was then assigned a distribution and mapped to the
original image, giving a map of the spatial distributions of the
three lifetimes (Fig. 3C). Red pixels correspond to the shortest
lived distribution (strongest interaction), yellow the middle
(weaker interaction), and blue the longest (no interaction).
Pixels potentially belonging to either middle or long lifetimes are
green. Weaker interactions between 5-LO and FLAP occur
solely on the inner nuclear membrane, where 5-LO molecules
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Fig. 4. 5-LO and FLAP do not interact at the AA/Inhibitor binding site.
RBL-2H3 cells in 90 mM dishes were primed with DNP-specific IgE. They were
then stimulated for 15 min by the addition of DNP-BSA in the presence or
absence of 400 nM MK-886. LTC4 generation in the supernatants was mea-
sured. In parallel, the interaction of 5-LO and FLAP was analyzed by MUGLE
and the effect of 400 nM MK-886 on the lifetime of the donor fluorophore
(Alexa Fluor 488) measured in both outer (O) and inner (I) membrane com-
plexes. O/l indicates the lack of interaction in non-stimulated cells. The data
represent the mean = S.E.M from five cells transformed by MUGLE in a
representative experiment.

are approximately 50% further from FLAP than on the outer
membrane. The blue pixels depict non-interacting nucleoplasmic
5-LO. The spatial distribution of the complexes and the apparent
relative proportion of the inner and outer nuclear membrane
populations can be explained by recognizing that the figure is an
image of an optical slice taken above the center of the cell. By
visualizing a carved pumpkin with the top off, the inside of the
shell (yellow pixels) appears as a thin rim, while the outside skin
(red pixels) expands toward the midline. The blue area repre-
sents the empty cavity of the pumpkin. The yellow ring, which
represents the middle lifetime, is not due to a partial volume
effect from spatial binning. This was established by the obser-
vation that in some images of the nuclei the yellow distributions
occupy a large region, several pixels across, in both lateral dimen-
sions (data not shown). A distinct inner membrane population of
complexes has been seen in all activated cells analyzed to date.

To define the relationship between 5-LO and FLAP in outer
and inner nuclear membranes we probed cells with anti-5-LO Ab
in combination with FLAPN Ab or FLAPC Ab. MUGLE (Fig.
3D) revealed no difference in lifetimes between the N- and
C-terminal of FLAP for inner membrane complexes. However,
in the outer nuclear membrane, the average lifetimes were 541+
26 ps (mean +/— SD, n = 5) using FLAPN Ab and 607= 21 ps
(n = 5) using FLAPC Ab (p =~ 0.002), indicating that 5-LO is
closer to the N terminus of FLAP.

The 5-LO Interaction Site of FLAP Is Distinct from the Inhibitor and AA
Binding Domain. Based on photoaffinity and mutagenesis studies
the binding sites for AA and for the indole-based FLAP inhibitor
MK-886 overlap (23). The 3D structure of FLAP (16) also
indicates that the binding site of the second generation indole
FLAP inhibitor MK-591 overlaps with that of AA. We reasoned
that if 5-LO and FLAP interact at the AA binding site, then
LTC, synthesis and the interaction of 5-LO and FLAP should be
inhibited by the same concentration range of MK-886. RBL-2H3
cells were activated by IgE/antigen in the presence of 200 nM to
1.0 uM MK-886 for 10 or 15 min, and the interaction of 5-LO and
FLAP analyzed by MUGLE. In parallel, cells were plated in 90
mm dishes and activated by IgE/antigen in the presence of the
same concentrations of MK-886 and supernatants analyzed for
LTC, generation. Concentrations of MK-886 of 200 nM or
greater completely inhibited LTC,4 generation (Fig. 4), whereas
no effect on the interaction of 5-LO and FLAP was observed. In
the outer nuclear membrane, the lifetime after cell activation was
544 + 25 ps (mean +/— SEM) and 546 = 51 ps in the presence
of 400 nM MK-886 indicating no effect of MK-886 (Fig. 4B). This
was true for outer membrane complexes using AbC and for all
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Fig. 5. The membrane organization of leukotriene synthesis. The localiza-
tion and interactions of the synthetic enzymes in IgE-primed RBL-2H3 cells
(Upper) andin cells subsequently activated with antigen (blue triangle, Lower)
are shown. FLAP is depicted on the outer and inner nuclear membranes LTC4
synthase (LTC,S) is depicted in the outer nuclear membrane associated with
FLAP. In the primed cell, AP-10 is associated with FLAP, 5-LO is in the cytosol
and nucleoplasm, and cPLA; is in the cytosol. In the activated cell AP-10
dissociates from FLAP, cPLA, and 5-LO are translocated to cell membrane, and
5-LO becomes associated with FLAP. LTA4 hydrolase (LTA4H) is not membrane
or complex-associated. The possibility that inner membrane complexes con-
tribute LTA4 to LTB,4 synthesis and outer membrane complexes contribute the
majority of LTA4 to LTC4 generation is shown.

inner membrane complexes. Only at a concentrations of 1 uM
was a non-specific disruption of all FLAP interactions seen (Fig.
S3). These results imply that the site(s) of FLAP-5-LO interac-
tion are distinct from that presenting AA.

Discussion

We have combined molecular imaging analysis, biochemical ap-
proaches, and in vivo studies to identify the activation-dependent
reorganization of the LT synthetic enzymes into spatially distinct
multiprotein complexes on inner and outer nuclear membranes.
These structures link cell activation with the initiation of inflam-
mation by LTs. The identification of the interaction of 5-LO and
FLAP in synovial PMN (Fig. 2) confirms the in vivo relevance of our
observations. PMN and eosinophils employ a combination of
signaling by cytokine or toll-like receptors and G protein-coupled
receptors to initiate LT synthesis (13-15). The identification of the
same FLAP-containing protein species in both synovial PMN and
in IgE-stimulated RBL-2H3 cells support a ubiquitous role for these
structures in LT synthesis in IgE dependent and independent systems.

Scaffold proteins bring components of biochemical reactions in
close apposition to facilitate their interaction and amplify down-
stream signaling, they also compartmentalize reactions within cells.
FLAP fulfills each of these requirements. First, it localizes 5-LO to
the inner and outer nuclear membranes. Secondly, the combination
of mutagenesis and structure determination shows a partial overlap
between the AA and inhibitor binding sites of FLAP (16, 23). These
sites are positioned within the membrane, ideally situated to
capture laterally diffusing AA generated exogenously to the com-
plex; FLAP-associated AA could be made available to 5-LO (16,
23). The structural basis of how FLAP brings 5-LO into apposition
with AA remains a key question, as does the site(s) at which 5-LO
interacts with FLAP. The identity and role of AP-10 remains to be
determined. How or whether the progressive loss of the FLAP/
AP-10 dimer (Fig. 1C) is coupled with the interaction of 5-LO to
FLAP is not known. However, the common time course of the
disappearance suggests that these processes are likely linked.

Fig. 5 depicts a basic synthetic unit in which AA diffusing
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within the membrane is “trapped” by FLAP and presented to
5-LO. AP-10 is dissociated from FLAP concomitant with 5-LO
targeting. Whether additional protein species are present in
synthetic complexes or interact with FLAP remain to be deter-
mined. We have taken two additional observations into consid-
eration. First, we have shown that all cellular LTC, synthase is
associated with FLAP (19) and that LTC, synthase is likely to be
enriched in the outer nuclear membrane (10). Second, structural
studies have indicated that both FLAP and LTC, synthase must
exist as independent homotrimers (16, 24, 25). When combined
with our results, this indicates that LTC, synthase and FLAP
interact at a site distinct from the site where 5-LO and FLAP
interact. Recent studies of the integral membrane protein syn-
taxin suggests a testable model that can accommodate each of
these observations. Syntaxin self-associates into dense supramo-
lecular clusters of approximately 75 molecules with a diameter
of 50-60 nm, with the ultimate size and composition of the
clusters determined by a balance between self-association and
steric repulsions (26). The association of FLAP with LTCy4
synthase depicted in Fig. 5 is likely mediated by the “almost self”
association of these two highly identical proteins within the
membrane. Our model allows LTA4 generated in a FLAP
molecule to be efficiently transferred to a tightly associated LTC,
synthase molecule. It also explains why a close interaction
between 5-LO and LTC, synthase was not be detected. These
units would be assembled into larger supramolecular clusters
whose size and composition remains to be determined.

MUGLE (Fig. 3) identified clear qualitative differences
between inner and outer nuclear membrane complexes. This
observation is intriguing in the context of previous studies.
First, although no EM studies localizing 5-LO and FLAP in
RBL-2H3 nuclear membranes have been reported, we have
previously shown that LTC, synthase is preferentially localized
to the outer nuclear membrane in RBL-2H3 cells (10). Sec-
ondly, in human PMN activated with calcium ionophore, the
ratio of inner nuclear membrane 5-LO or FLAP to outer
nuclear membrane 5-LO or FLAP respectively is at least 4:1
(9). In addition, functional studies have suggested that nuclear
5-LO may be associated with the production of LTB4 (e.g., ref.
27). Whether inner membrane complexes preferentially gen-
erate LTA, associated with LTB, synthesis suggested in Fig. 5,
or how or whether inner and outer membrane complexes differ
structurally remain to be determined. Our findings provide a
framework to probe this hypothesis. One possibility is that the
different relationship between 5-LO and FLAP seen in the inner
and outer membranes (Fig. 3D) could be explained by the enrich-
ment of LTC, synthase in outer membrane supramolecular clusters.
Furthermore, detecting spatially restricted, qualitatively different
compartmentalized interactions between two molecules within a
cell has broad application in immunology and cell biology. In our
studies, the synthesis of LTs terminated between 5 and 10 min in
response to stimulation of FceR1. A consistent amount of 5-LO is
incorporated into the LT synthetic complex well past this time
frame, suggesting that multiple processes can contribute to the
termination of LT formation. These include re-esterification of AA,
oxidative inactivation of 5-LO, and the metabolism of the assem-
bled membrane synthetic complex. The contribution of each of these
mechanisms remains to be determined.
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Traditionally, the role of LTs, and prostanoids has been
investigated using knockout mice for a specific biosynthetic
enzyme (e.g., 5-LO) or receptor (e.g., CysLT1R). This approach
assumes a linear aspect in the signal transduction pathways. The
inflammasome is the multiprotein complex, which comprises
NALPs, ASC, caspase-1, and caspase-5 and is involved in the
proteolytic cleavage of pro-IL-13 to IL-1p to activate the innate
immune system (28). It is assembled in response to diverse
stimuli including bacterial pathogens and uric acid. The LT
membrane synthetic complex plays an analogous role for the
generation of LTs by providing a common macromolecular
platform that transduces diverse extracellular signals to initiate
LT signaling in inflammation.

Materials and Methods

Cell Culture, Activation, and Immunofluorescence Microscopy of RBL-2H3 Cells.
RBL-2H3 cells (transformed mast cell line) were grown on two chambered slides
and analyzed as previously described (10, 19). For activation (also see S/ Text), they
were washed twice with HBSS containing 1 mM CaClz, 1 mM MgCl,, and 0.1% BSA
(HBSAZ*) and primed with 2 pg/ml of mouse monoclonal anti-DNP-specific IgE
(Sigma) for 1 h at room temperature in HBSA2*. They were then washed twice
with HBSAZ* and activated by the addition of 50 ng/ml of DNP-BSA (Calbiochem)
added in 500 ul of HBSAZ*. Controls were cells that were neither activated nor
primed or cells that were only primed. The primary Abs were rabbit polyclonal
anti-5-LO Ab and goat polyclonal anti-FLAP Ab (1:50 dilution). The secondary
antibodies were Alexa Fluor 488 donkey anti-rabbit IgG, 10 ug/ml, or Alexa Fluor
594 donkey anti-goat 1gG, 10 ug/ml). For experiments in which biochemical
analysis was performed, cells were seeded in six well culture dishes and then
activated as above. In these experiments, the supernatants were removed and
assayed at various time intervals for the generation of LTC,.

in Situ Cross-linking of Proteins and Western Blot Analysis. Cross-linking and
extraction of RBL cells was performed as previously described (19) with the
modification that 4 mM DMP was used as the cross-linker and extraction was
performed using M-PER lysis buffer (Pierce, S/ Text). For quantification of band
intensity, blots were scanned and then imported in JPEG format for analysis by
IMAGE)J software (National Institutes of Health).

FLIM Analysis. Ab-based FLIM was performed as previously described (29, 30,
SI Text).
MUGLE Analysis. See S/ Text.

Assay for LTC4. The formation of LTC4 from activated RBL-2H3 cells was assayed
by an internal Fluorescence-Linked Immunoabsorbent assay at Merck Re-
search Labs modified for the detection of LTC4 (31).

K/BxN Model of Arthritis and Isolation of Synovial PMN from Mice. Arthritis was
induced by the i.p. injection of arthritogenic serum on days 0 and 2 of the
experiment and evaluated as previously described (20, S/ Text). All animal
studies were approved by the Partners Institutional Animal Care and Use
Committee.

Isolation of PMN from mouse bone marrow. Mature PMN (>90%) were
isolated from bone marrow at the 65%/75% interface of discontinuous Percoll
gradients as previously described (20, 32).
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