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ABSTRACT: Mammalian secreted phospholipases A2 (sPLA2s) constitute a family of structurally related
enzymes that are likely to play numerous biological roles because of their phospholipid hydrolyzing activity
and binding to soluble and membrane-bound proteins, including the M-type receptor. Over the past decade,
a number of competitive inhibitors have been developed against the inflammatory-type human group IIA
(hGIIA) sPLA2 with the aim of specifically blocking its catalytic activity and pathophysiological functions.
The fact that many of these inhibitors, including the indole analogue Me-Indoxam, inhibit several other
sPLA2s that bind to the M-type receptor prompted us to investigate the impact of Me-Indoxam and other
inhibitors on the sPLA2-receptor interaction. By using a Ca2+ loop mutant derived from a venom sPLA2

which is insensitive to hGIIA inhibitors but still binds to the M-type receptor, we demonstrate that Me-
Indoxam dramatically decreases the affinity of various sPLA2s for the receptor, yet an sPLA2-Me-
Indoxam-receptor complex can form at very high sPLA2 concentrations. Me-Indoxam inhibits the binding
of iodinated mouse sPLA2s to the mouse M-type receptor expressed on live cells but also enhances binding
of sPLA2 to phospholipids. Because Me-Indoxam and other competitive inhibitors protrude out of the
sPLA2 catalytic groove, it is likely that the inhibitors interfere with the sPLA2-receptor interaction by
steric hindrance and to different extents that depend on the type of sPLA2 and inhibitor. Our finding
suggests that the various anti-inflammatory therapeutic effects of sPLA2 inhibitors may be due not only
to inhibition of enzymatic activity but also to modulation of binding of sPLA2 to the M-type receptor or
other as yet unknown protein targets.

Secreted phospholipases A2 (sPLA2s)1 are enzymes that
catalyze the hydrolysis of thesn-2 ester of glycerophospho-
lipids to release free fatty acids and lysophospholipids (1).
To date, up to 10 mammalian active sPLA2s and two
structurally related inactive variants have been identified (2,
3). These sPLA2s form a family of low-molecular mass
proteins (∼14-20 kDa) that are likely to be involved in

various biological settings, including inflammation and
associated diseases, host defense, and cancer (4-11). One
major interest in sPLA2 comes from its role in the control
of biosynthesis of eicosanoids and other lipid mediators
which are important in numerous physiological and patho-
physiological conditions. Current evidence indicates that
group IIA, V, and X sPLA2s work together with or in a
manner independent of intracellular group IV and VI PLA2s
to produce lipid mediators from various types of agonist-
activated cells (12-20). The role of other sPLA2s (groups
IB, IIC, IID, IIE, IIF, III, XIIA, and XIIB) in lipid mediator
release remains uncertain or unknown (15, 21-23).

Among the various sPLA2 members, the group IIA sPLA2
has attracted the most interest over the past 15 years. It was
the first enzyme to be discovered at high levels in inflam-
matory fluids with a proposed pro-inflammatory role (24).
Its expression was subsequently found to be upregulated by
various pro-inflammatory stimuli and to be elevated in
numerous acute and chronic inflammatory diseases (4, 6, 7,
25-27). This led to the early proposal that group IIA sPLA2

may be central in lipid mediator release during inflammation
and associated diseases (28). Consequently, the human group
IIA (hGIIA) sPLA2 has been the focus of intense efforts at
several pharmaceutical companies, including Eli Lilly and
Shionogi Laboratories (6, 29-31). This collective work has
led to the development of many hGIIA inhibitors among
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which the indole-based derivatives appear to be the most
potent inhibitors with druglike properties (31-33). Some of
these inhibitors are active in various animal models of
inflammation, suggesting that group IIA sPLA2 may indeed
be an attractive target for preventing inflammation (34-39).
For example, Indoxam was found to be a potent inhibitor of
the pro-inflammatory response induced by endotoxin chal-
lenge in mice and was able to prolong mouse survival (40).
However, the current clinical trials showed no obvious
benefit in patients with organ failure, severe sepsis, asthma,
and rheumatoid arthritis (6, 31, 41-44). The fact that many
hGIIA inhibitors, including Indoxam, can inhibit several
other sPLA2s (33, 45-48) suggests that one or more sPLA2s
may be targeted in vivo by these inhibitors and, thus, may
also participate in inflammatory processes. Thus, there is a
need for more selective inhibitors that can discriminate
between sPLA2 members, especially among group IIA, V,
and X sPLA2s (33). Such inhibitors will be very useful in
probing the role of each sPLA2 in lipid mediator release and
other biological functions.

There is a growing body of evidence showing that
mammalian sPLA2s, including group IB, IIA, V, or X, are
also capable of modulating cell proliferation, cell survival,
cell contraction, cell migration, apoptosis, or the release of
peptides, hormones, and cytokines (2, 11, 22, 49-52).
Mammalian sPLA2s can also trigger the activation of various
intracellular signaling molecules, including MAP kinases,
PI3K, Akt, cPLA2 IVA, cyclooxygenase-2 (COX-2), and
sphingomyelinase (21, 53-60). Additionally, some sPLA2s
have antimicrobial activity against bacteria, parasites, and
viruses (9, 61-65). The role of sPLA2 catalytic activity in
the various biological effects is still in large part an
unresolved issue. While some biological effects appear to
be dependent on sPLA2 catalytic activity (49, 54, 66), others
appear to be associated with the binding of sPLA2 to a
specific target at the cell plasma membrane (53, 55-57, 59,
67). The different conclusions given above were supported
by using either hGIIA sPLA2 competitive inhibitors, catalyti-
cally inactive sPLA2 mutants or sPLA2 derivatives alkylated
at the active site, or transfection of the proposed membrane
cellular targets of sPLA2s. In a few cases, it was found that
while sPLA2 competitive inhibitors prevented the sPLA2

biological effect, the catalytically inactive sPLA2 mutants
were as active as the wild-type (WT) enzyme (53, 57, 59).
In most cases, the true nature of the sPLA2 targets at the
plasma membrane which would be unambiguously respon-
sible for the biological effects of the various sPLA2s remains
to be determined (53, 56, 57, 59, 67-69).

The best known protein target which has been proposed
to play a role in sPLA2 biological effects is the M-type sPLA2
receptor, which was initially characterized using the snake
venom sPLA2s OS1 and OS2 and then using pancreatic group
IB sPLA2 (22, 70). This receptor is a member of the
superfamily of C-type lectins, and several of its molecular
properties have now been addressed. This receptor has been
first proposed to play a major role in transducing the various
biological effects of pancreatic group IB sPLA2, including
cell proliferation, cell migration, cell contraction, hormone
release, and activation of intracellular signaling pathways
(21, 22, 51). Gene targeting of the M-type receptor has also
suggested a role for this protein in promoting inflammation
in a mouse model of endotoxic shock (71). On the other

hand, the M-type receptor has been suggested to counteract
the enzymatic action of sPLA2 by inhibiting catalytic activity
upon sPLA2 binding and by internalizing and degrading the
enzyme (22, 70).

At the molecular level, we and others have previously
shown that group IB, IIA, and X sPLA2s can act as
endogenous ligands for the M-type receptor in a very strict
manner that depends on both receptor species and sPLA2

subtypes (22, 72). Furthermore, it was shown that the sPLA2

inhibitor Indoxam inhibits the binding of group IB and X
sPLA2s to this receptor (40, 73), leading to the proposal that
the therapeutic effect of Indoxam in a mouse model of
endotoxic shock may be due to blockade of sPLA2 binding
rather than inhibition of catalytic activity (40). More recently,
we have shown that up to seven mouse sPLA2s can bind to
the mouse M-type receptor and thus behave as endogenous
ligands of this receptor, at least in the mouse species (M.
Rouault et al., manuscript submitted for publication). This
finding in addition to the fact that several mouse and human
sPLA2s are targeted by various competitive inhibitors of
hGIIA sPLA2, including Me-Indoxam (46), prompted us to
analyze in more detail how Me-Indoxam and other competi-
tive inhibitors affect the binding of various sPLA2s to the
M-type receptor. To clearly evaluate the effect of Me-
Indoxam on the binding of the different mammalian sPLA2s,
we produced a D49K mutant of the snake venom sPLA2 OS2,
which has no affinity for Me-Indoxam, but still binds tightly
to the M-type receptor. Our results show that Me-Indoxam
and various sPLA2 competitive inhibitors are also potent
inhibitors of binding of sPLA2 to the M-type receptor. The
inhibitors do not fully prevent binding of sPLA2 to the
receptor but rather form a sPLA2 complex that binds to the
receptor with a much weaker affinity. The shift in overall
affinity depends on both the type of inhibitor and sPLA2

and is most likely due to a steric hindrance effect of the
inhibitor on the sPLA2-receptor interaction. The inhibitory
effect of Me-Indoxam led us to also analyze the binding
properties of several radiolabeled mouse sPLA2s on cellular
membranes and live cells in the presence of Me-Indoxam.
The potential impact of these findings with regard to binding
of sPLA2 to live cells and the mechanism of action and future
development of sPLA2 inhibitors is discussed.

EXPERIMENTAL PROCEDURES

Preparation of NatiVe sPLA2s and the Mouse Soluble
M-Type Receptor.All of the venom and mammalian recom-
binant sPLA2s used in this study were prepared and purified
as previously described (46, 74; M. Rouault et al., manuscript
submitted for publication). The D49K OS2 mutant was
produced inEscherichia colias inclusion bodies and refolded
as described previously (74). The mouse soluble recombinant
M-type sPLA2 receptor was prepared and purified as
described (M. Rouault et al., manuscript submitted for
publication).

sPLA2 Inhibitors and Reagents.Me-Indoxam, Indoxam,
Pyrazole-1, compounds A, B, 42, 44, and 46, and triazepan-
dione molecule 19 were obtained as described previously
(33, 40, 46, 48, 75). LY311727 was a generous gift from E.
Mihelich (Eli Lilly Laboratories). Quinacrine, polymyxin B,
poly-L-lysine, and polyethyleneimine were from Sigma.

Inhibition of sPLA2 Enzymatic ActiVity. Inhibition of
sPLA2s by the various inhibitors was analyzed using radio-
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labeledE. coli membranes as a substrate (74). Briefly, the
different sPLA2s were preincubated for 15 min with inhibitors
in 150µL of enzymatic activity buffer consisting of 20 mM
Tris (pH 7.4), 140 mM NaCl, 1 mM CaCl2, and 0.1% bovine
serum albumin (BSA), after which an additional 150µL of
buffer containing 100 000 dpm of [3H]oleateE. coli mem-
branes was added. The enzymatic activity was measured at
room temperature for 40 min. Reactions were stopped by
addition of 600µL of stop buffer consisting of 0.1 M EDTA
(pH 8.0) and 0.1% fatty acid-free BSA and the mixtures
centrifuged at 10000g for 5 min, and supernatants containing
released [3H]oleate were analyzed using liquid scintillation
counting. sPLA2 concentrations were chosen to ensure
5-10% hydrolysis of substrate.

Preparation of Cell Membranes Containing Rabbit and
Mouse M-Type Receptors.Stably transfected cells expressing
rabbit or mouse recombinant M-type receptors were obtained
as follows. The cDNA encoding the rabbit M-type receptor
(76) was subcloned into the expression vector pRc/CMV
(InvitroGen) and transfected into HEK-293 cells (ATCC) by
the calcium phosphate procedure. Stably transfected cells
were selected for 4 weeks in the presence of 2 mg/mL G-418
neomycin. The cDNA encoding the mouse membrane-bound
M-type receptor (72) was subcloned into the expression
vector pCi/neo (Promega) and transfected into COS cells
(ATCC) by the DEAE/dextran procedure. G-418 resistant
cells were selected as described above. Cell membranes
containing endogenously expressed mouse M-type receptor
were obtained by growing the osteoblastic-like MC3T3-E1

cells (Riken cell bank). Cell membranes were prepared from
transfected cells or MC3T3-E1 cells grown to confluency in
140 mm plates. Cells were washed twice with phosphate-
buffered saline and then scraped with a rubber policeman at
4 °C in a buffer consisting of 140 mM NaCl, 20 mM Tris
(pH 7.4), 2 mM EDTA, and 0.1 mM phenylmethanesulfonyl
fluoride. The cell suspension was homogenized with a small
cell disrupter, and the resulting homogenate was centrifuged
for 5 min at 1000g and 4°C. The supernatant was centrifuged
at 100000g for 45 min. The pellet was resuspended in lysis
buffer at a protein concentration of 10 mg/mL and stored in
aliquots at- 80 °C. Protein concentrations were determined
using the Bradford method after treatment of membranes with
0.1 N NaOH and using bovine serum albumin as a standard.

Receptor Binding Studies.The different binding experi-
ments were performed under equilibrium conditions using
the various iodinated sPLA2s ([125I]OS1, [125I]OS2, [125I]OS2

D49K, [125I]mGIIA, [ 125I]mGIIF, and [125I]mGX) labeled to
a specific activity of 3000-3500 cpm/fmol and purified by
reverse-phase HPLC as described previously (74). Briefly,
the indicated125I-labeled sPLA2, unlabeled sPLA2, and/or
sPLA2 inhibitors were preincubated at room temperature in
0.25 mL of binding buffer [20 mM Tris-HCl (pH 7.4), 140
mM NaCl, 2 mM CaCl2, and 0.1% bovine serum albumin],
after which the binding assay was started by addition of
receptor (membrane-bound or soluble receptor) diluted in
0.25 mL of binding buffer. After incubation for 1 h, binding
assays with membrane-bound receptors were terminated by
being filtered through GF/C glass fiber filters (Millipore)
presoaked in 0.5% polyethyleneimine (for iodinated OS1,
OS2, and OS2 D49K) or presoaked in binding buffer
containing 10% BSA (for iodinated mGIIF), or through 0.45
µM acetate filters (Sartorius) presoaked in binding buffer

containing 10% BSA (for iodinated mGIIA and mGX).
Binding assays with the mouse soluble receptor were stopped
when the samples were filtered through GF/F glass fiber
filters (Millipore) presoaked in 5% polyethyleneimine (for
iodinated OS1, OS2, and OS2 D49K). For assays of binding
to live MC3T3-E1 cells, cells were grown to confluency in
six-well plates inRMEM supplemented with 10% FBS and
antibiotics. Cells were washed twice with phosphate-buffered
saline and incubated for 1 h with 1 mL of each iodinated
sPLA2 (100 pM) diluted inRMEM containing 0.1% BSA.
Cells were then washed three times withRMEM and 0.1%
BSA and scraped in 0.1 N NaOH, and the cell-associated
radioactivity was counted on a gamma counter.

Cross-Linking Experiments and Western Blot of the
M-Type Receptor.Cross-linking experiments were performed
as described previously (74). Briefly, the soluble mouse
M-type receptor (1 nM) was incubated with iodinated
radiolabeled sPLA2 (300 pM) in 150µL of cross-linking
buffer [20 mM Hepes (pH 7.4), 140 mM NaCl, and 1 mM
CaCl2] in the presence or absence of Me-Indoxam (20µM)
or unlabeled homologous competitor (100 nM). After
incubation for 1 h, 200µM suberic acid bis-N-hydroxy-
succinimide ester (DSS, Sigma, dissolved at 10 mM in
DMSO) was added for 15 min at room temperature. The
cross-linking reaction was quenched by addition of SDS-
PAGE sample buffer, and proteins were separated by gel
electrophoresis. Gels were stained with Coomassie Brillant
blue, dried, and exposed for 3 days at-80 °C using Kodak
X-Omat AR film.

For Western blot analysis with the anti-mouse M-type
receptor antibodies, cells were sonicated in 20 mM Tris (pH
7.4), 2 mM EDTA, and 2 mM PMSF, and proteins were
solubilized in Laemmli buffer but neither boiled nor reduced.
Proteins were separated on a 7% SDS-PAGE gel and
transferred to an Immobilon-Psq polyvinylidene fluoride
membrane (Millipore). The transfer membrane was blocked
with 5% blocking agent (Amersham Biosciences) dissolved
in TBS-Tween [25 mM Tris (pH 7.8), 150 mM NaCl, and
0.15% Tween 20] for 30 min and then incubated with rabbit
polyclonal anti-M-type receptor antibodies (1/5000 in TBS-
Tween) for 1 h at room temperature. Rabbit polyclonal
antibodies raised against the cloned mouse soluble M-type
receptor were obtained as described previously (59). These
antibodies recognize the mouse receptor only under non-
reducing conditions. The membrane was washed six times
for 5 min each and incubated with a secondary horseradish
peroxidase-conjugated goat anti-rabbit antibody (1/20000 in
TBS-Tween) and washed six times for 5 min each. Immuno-
detection was performed by chemifluorescence using the
ECF reagent (Amersham Biosciences).

RESULTS

Dual Effect of Me-Indoxam on the Catalytic ActiVity and
M-Type Receptor Binding of the Snake Venom sPLA2s OS1

and OS2. The snake venom sPLA2s OS1 and OS2 from the
Australian Taipan snakeOxyuranus scutellatus scutellatus
have been very useful tools for the characterization of the
M-type receptor from rabbit, rat, mouse, and human species
(70, 72). These sPLA2s have also been important in the study
of the binding properties of the full set of mouse sPLA2s by
competition binding assays (72; M. Rouault et al., manuscript
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submitted for publication). We therefore first addressed the
effect of Me-Indoxam (Figure 8) on the enzymatic and
binding properties of these two sPLA2s. Enzymatic activities
of both OS1 and OS2 were sensitive to Me-Indoxam with
IC50 values of 25 and 210 nM, respectively (Table 1). It is
interesting to note that although OS1 and the mammalian
pancreatic sPLA2s are both pancreatic-type group IB sPLA2s
(77), Me-Indoxam binds much tighter to OS1 than to mouse
or human pancreatic enzymes (46). The affinity of Me-
Indoxam for OS1 is close to those measured for human and
mouse group IIE and V sPLA2s, confirming that there is no
obvious relationship between the sPLA2 classification into
structural groups and their relative affinities for sPLA2

inhibitors (46).
We next analyzed the effect of Me-Indoxam on binding

of OS1 and OS2 to membrane-bound and soluble forms of
the mouse recombinant M-type receptor. The binding of
radiolabeled OS1 to the two receptor forms was dose-
dependently inhibited by Me-Indoxam with IC50 values of
∼0.2 µM (Figure 1). The effect of Me-Indoxam on the
binding of radiolabeled OS2 could not be easily analyzed
(not shown) because Me-Indoxam leads to a high level of
nonspecific binding of [125I]OS2 to binding filters (see
Experimental Procedures) and also increases the level of
binding of [125I]OS2 to membranes from COS cells (Figure
5C) orE. coli (not shown). This binding probably occurs on
membrane phospholipids (see below). Since the binding of
OS1 to the M-type receptor is Ca2+-independent (77), it was
possible to address whether the effect of Me-Indoxam on
OS1 binding requires Ca2+. As shown in Figure 1, Me-
Indoxam could no longer inhibit [125I]OS1 binding in the
presence of 2 mM EDTA. The absence of inhibition was
expected since Me-Indoxam and several other indole ana-
logues are coordinated to the Ca2+ ion bound to sPLA2
(Figure 7 and refs32, 48, and78).

Preparation of an OS2 Mutant with High Affinity for the
M-Type Receptor but No Affinity for Me-Indoxam.On the
basis of the results given above, we reasoned that the most
straightforward way to address the effect of Me-Indoxam
on the binding properties of different mammalian sPLA2s
would be to perform competition binding assays with sPLA2s
with and without saturating concentrations of Me-Indoxam
and against a radiolabeled sPLA2 ligand that binds to the
M-type receptor but does not bind the inhibitor. Since the
binding of both OS1 (Figure 1) and OS2 (not shown) appeared
to be highly sensitive to Me-Indoxam in a Ca2+-dependent
manner while binding of sPLA2 to the M-type receptor is
Ca2+-independent, we postulated that an OS1 or OS2 mutant
that cannot bind Ca2+ should have altered binding properties
toward Me-Indoxam, yet it should still bind to the receptor.
In fact, the D49K OS2 mutant which was recently produced
in our laboratory was found to fulfill these criteria. Indeed,
this mutant was found to have no enzymatic activity because

it cannot bind Ca2+, yet it can still bind to the M-type receptor
(74). Assaying the binding of Me-Indoxam to the D49K OS2

mutant by enzymatic activity was not possible as the mutant
is completely devoid of catalytic activity, even using the
sensitiveE. coli assay (not shown). We thus radiolabeled
the D49K OS2 mutant and analyzed whether its binding to
the mouse M-type receptor is sensitive to Me-Indoxam. As
shown in Figure 1, its binding to membrane-bound and
soluble mouse M-type receptors was completely insensitive
to Me-Indoxam in the presence or absence of Ca2+. The
absence of an effect of Me-Indoxam on the binding of
[125I]OS2 D49K was confirmed by direct binding experiments
with the purified mouse soluble M-type receptor preparation
with various concentrations of radiolabeled ligand (Figure
2). In the absence or presence of a saturating concentration
of Me-Indoxam that was found to impair binding of [125I]OS1

(Figure 1) or of unlabeled OS2 (Figure 3), the binding of
[125I]OS2 D49K was unchanged. Scatchard plot analysis
shows that [125I]OS2 D49K has the same affinity of 0.05 nM
with and without Me-Indoxam and binds to the same number
of binding sites (Figure 2). Together, the results described
above indicated that the D49K OS2 mutant is a potent ligand
of the M-type receptor that cannot bind Me-Indoxam. It is
thus a good tool for easily monitoring the effect of Me-

Table 1: Inhibition of the Catalytic Activity of Venom and Mouse
sPLA2s by Me-Indoxam Using [3H]Oleate RadiolabeledE. coli
Membranes as a Substrate

sPLA2 IC50 (nM) sPLA2 IC50 (nM)

OS1 25 mGIIE 15
OS2 210 mGIIF 10000
mGIB 300 mGX 300
mGIIA 1.5

FIGURE 1: Effect of Me-Indoxam on the binding of [125I]OS1 and
[125I]OS2 D49K to membrane-bound (A) and soluble (B) mouse
M-type receptors. The binding of [125I]OS1 (80 pM) and [125I]OS2
D49K (80 pM) to recombinant soluble and membrane-bound mouse
M-type receptors was assessed in the presence of various concentra-
tions of Me-Indoxam in binding buffer with 1 mM calcium or 2
mM EDTA. Nonspecific binding was assessed by addition of 50
nM homologous unlabeled sPLA2. The data are mean values(
the standard error of the mean of four independent experiments.
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Indoxam on the binding of various sPLA2s to the M-type
receptor.

Me-Indoxam Forms a sPLA2-Inhibitor Complex that Has
a Dramatically Reduced Affinity for the M-Type Receptor.
We first analyzed the effect of Me-Indoxam on the binding
of OS1 and OS2 to the mouse soluble M-type receptor by
competition binding assays between [125I]OS2 D49K and
these sPLA2s in the absence or presence of various concen-
trations of Me-Indoxam. Performing the binding assays at
various Me-Indoxam concentrations allowed us to experi-
mentally determine the concentration of Me-Indoxam that
is sufficiently high to saturate the added competing sPLA2.
On the basis of the IC50 value of Me-Indoxam for OS1 and
OS2 measured by enzymatic activity (Table 1), we can also
calculate by the mass action law that at least 99% of the
added sPLA2 is complexed with Me-Indoxam at 20µM
inhibitor. At this latter inhibitor concentration, the only
competing ligand is thus the sPLA2-Me-Indoxam complex.
As shown in Figure 3, OS1 and OS2 competed with [125I]OS2

D49K for the M-type receptor with high affinities of 0.09
and 0.05 nM, respectively, in the absence of Me-Indoxam.
The presence of various concentrations of Me-Indoxam dose-
dependently shifted their affinities up to lower limits of 27
and 8 nM for OS1 and OS2, respectively. The fact that adding
various concentrations of Me-Indoxam leads to maximal
shifts in affinities for OS1 and OS2 clearly indicates that at
concentrations of Me-Indoxam above 10µM for OS1 and
15 µM for OS2, all the competing sPLA2 ligand is not free
sPLA2, but sPLA2 bound to Me-Indoxam. These results
indicate that the OS1-Me-Indoxam and OS2-Me-Indoxam
complexes can still bind to the M-type receptor, yet with
affinities which are 300- and 138-fold lower than those of
free enzymes, respectively (Table 2).

We next monitored the effect of Me-Indoxam on the
affinities of the different mouse sPLA2s that were found to
be high-affinity ligands of the mouse M-type receptor (M.
Rouault et al., manuscript submitted for publication; Table
2) and that are sensitive to Me-Indoxam (Table 1). mGIIA
and mGIIE sPLA2s have very high affinities for Me-
Indoxam, higher than or similar to that of OS1. mGIB and
mGX have affinities for Me-Indoxam which are about the
same as that of OS2. Only mGIIF sPLA2 has a weak affinity
of 10 µM. Thus, as for OS1 and OS2, it is expected that
addition of 20µM Me-Indoxam will complex all but one
mouse sPLA2 added in the [125I]OS2 D49K competition
binding assays. The only exception will be mGIIF, for which
20 µM Me-Indoxam will complex approximately two-thirds
of the total amount of added enzyme, as it can be calculated
by the mass action law using the IC50 value determined by
enzymatic assays (Table 1). Figure 4 and Table 2 show that
addition of 20µM Me-Indoxam shifts the affinity of all
mouse sPLA2s for the mouse soluble M-type receptor. To
further confirm that 20µM Me-Indoxam was a sufficient
concentration for saturating all of the sPLA2 enzyme added
as a competitor, we performed competition binding assays
with mGX at different concentrations of Me-Indoxam. mGX
sPLA2 was chosen because it has the lowest affinity for Me-
Indoxam among the various enzymes that were assayed
(except for mGIIF). Interestingly, the shift in affinity (∆IC50)
was dependent on the mouse sPLA2, indicating that Me-
Indoxam differentially affects the interaction of each sPLA2

with the M-type receptor. Importantly, the∆IC50 value was
not correlated with the IC50 value of sPLA2 for Me-Indoxam
(Table 1). For example, affinity shifts for mGIIA and mGIIE
were 31- and 300-fold, respectively, although mGIIA binds
Me-Indoxam 10-fold more tightly than mGIIE. Furthermore,

FIGURE 2: Binding of the [125I]OS2 D49K mutant to the mouse soluble M-type receptor in the presence or absence of Me-Indoxam. Equilibrium
binding assays were performed in the absence (A and B) or presence of 20µM Me-Indoxam (C and D). The mouse soluble M-type receptor
was incubated with various concentrations of the [125I]OS2 D49K mutant in the absence (0) or presence (9) of 50 nM unlabeled OS2 D49K
mutant. Specific binding (O) represents the difference between total binding (0) and nonspecific binding (9). Kd and Bmax values were
determined by Scatchard plot analysis of the specific binding. The data are representative of three independent experiments.
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the affinity shifts for mGIB and mGX were 5- and 100-
fold, respectively, while the two enzymes have identical
affinities for Me-Indoxam. These observations indicate that
the affinity shift is not due to an incomplete saturation of

the competing sPLA2 with Me-Indoxam but rather reflects
a differential perturbating effect of Me-Indoxam on the
interaction of the various mouse sPLA2s with the M-type
receptor. Our binding conditions did not allow a clear
evaluation of the effect of Me-Indoxam on mGIIF binding
as this sPLA2 binds the inhibitor too poorly. The very modest
3-fold shift in affinity observed in this case most likely
reflects inhibition of [125I]OS2 D49K binding by the remain-
ing mGIIF sPLA2 which is free of Me-Indoxam. Figure 4A
also shows that Me-Indoxam has no effect on the binding
of mGIIA to the M-type receptor when the binding assay is
performed in the absence of Ca2+, further demonstrating that
Ca2+ is required for binding of Me-Indoxam to the sPLA2.
Finally, as expected, competition binding curves with the
unlabeled D49K OS2 mutant were identical in the presence
or absence of 20µM Me-Indoxam.

To further confirm that an sPLA2-Me-Indoxam complex
can still bind to the M-type receptor, we performed cross-
linking experiments with [125I]OS1 and [125I]OS2 in the
absence or presence of a saturating concentration of Me-
Indoxam relative to the concentration of radiolabeled ligand
(Figure 4B). Control cross-linking assays to confirm that
[125I]OS2 D49K and [125I]mGIIF are insensitive to the
presence of Me-Indoxam were also performed. Figure 4B
shows that the mouse soluble M-type receptor could be
efficiently cross-linked to [125I]OS1 and [125I]OS2 in the
presence of Me-Indoxam. The receptor could also be labeled
with [125I]OS2 D49K and [125I]mGIIF in a manner indepen-
dent of the presence of Me-Indoxam.

Direct Binding of Mouse and Snake Venom sPLA2s to Cell
Membranes and LiVe Cells Expressing the M-Type Receptor
in the Presence of Me-Indoxam.To further illustrate how
Me-Indoxam can interfere with the binding of different
sPLA2s in a more physiologically relevant context, we
performed direct binding experiments with radiolabeled OS1,
OS2, OS2 D49K, mGIIA, mGIIF, and mGX on cellular
membranes and live cells expressing the M-type receptor
(Figures 5 and 6). Assays of direct binding of [125I]mGIIA
to membrane preparations from COS cells transfected with
the mouse M-type receptor gave a strong binding that could
not be inhibited by unlabeled mGIIA (Figure 5A), suggesting
that this binding occurs on an abundant population of binding
sites. This binding does not occur on the transfected M-type
receptor since OS1, the very specific sPLA2 ligand of the
M-type receptor, does not compete with [125I]mGIIA binding.
Furthermore, the strong and similar binding of [125I]mGIIA
on membranes from mock-transfected COS cells clearly
indicates that this binding occurs on a cellular component
which is distinct from the M-type receptor (Figure 5C).
Because human and mouse group IIA sPLA2s are basic
proteins that strongly interact with anionic heparan sulfate
proteoglycans (79), we analyzed the effect of various
concentrations of the basic compound poly-L-lysine as a
competitor. Under our binding assay conditions, concentra-
tions of poly-L-lysine higher than 50µg/mL inhibited the
binding to the M-type receptor (not shown). However, at
the optimal concentration of 50µg/mL, we could reduce the
level of nonspecific binding of [125I]mGIIA and observe the
specific binding to the transfected M-type receptor (Figure
5A). Under these conditions, the binding of [125I]mGIIA
could be inhibited by unlabeled mGIIA and OS1, but not by
the bee venom sPLA2 [which does not bind to the M-type

FIGURE 3: Me-Indoxam interferes with the binding of OS1 and OS2
to the M-type receptor by shifting their affinities for the receptor.
Competition binding assays were performed by incubating the
mouse soluble M-type receptor in the presence of [125I]OS2 D49K
(50 pM) and various concentrations of unlabeled OS1 or OS2 at
the indicated concentrations of Me-Indoxam. Nonspecific binding
was assessed by addition of 50 nM unlabeled OS2 D49K mutant.
The IC50 values are the concentrations of unlabeled OS1 or OS2
that inhibit 50% of [125I]OS2 D49K mutant specific binding.
The data are representative of at least four independent
experiments.

Table 2: Properties of Binding of Venom and Mouse sPLA2s to the
Mouse M-Type Receptor in the Presence or Absence of 20µM
Me-Indoxama

sPLA2 IC50(control) (nM) IC50(Me-Indoxam) (nM) ∆IC50

OS1 0.090 27 300
OS2 0.056 7.7 138
OS2 D49K 0.051 0.049 0.96
mGIB 1.6 7.9 5
mGIIA 1 31 31
mGIIAb 0.53 0.74 1.4
mGIIE 0.158 47 300
mGIIF 0.316 0.890 2.8
mGX 2.5 250 100

a IC50 values were determined by competition binding experiments
with [125I]OS2 D49K and the different unlabeled sPLA2s as shown in
Figures 3 and 4. All of the binding assays were performed in the
presence of 2 mM CaCl2 except when specified.∆IC50 is the ratio of
the IC50 values measured in the absence (control) and presence of Me-
Indoxam. The values are representative of at least three competition
binding assays.b Competition binding assays performed with 2 mM
EDTA.
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receptor (72)], confirming that this binding is indeed to the
M-type receptor.

As shown in panels B and C of Figure 5, Me-Indoxam
produces different effects on the binding of the various
radiolabeled sPLA2s to cell membranes containing or lacking

the M-type receptor. As expected, Me-Indoxam inhibited the
binding of [125I]OS1 to membranes containing the M-type
receptor (Figure 5B). On the other hand, Me-Indoxam had
no effect on the very weak binding of [125I]OS1 to mock-
transfected cells (Figure 5C). Me-Indoxam also inhibits the

FIGURE 4: Me-Indoxam (Me-IDX) shifts to different extents the affinities of mouse sPLA2s for the M-type receptor. (A) Competition
binding assays were performed by incubating the mouse soluble M-type receptor in the presence of [125I]OS2 D49K (50 pM) and various
concentrations of unlabeled mouse sPLA2s or the D49K mutant in the presence or absence of 20µM Me-Indoxam (except when specified).
A buffer containing 1 mM CaCl2 was used in all binding assays except for mGIIA where the effect of Me-Indoxam was also analyzed in
the presence of 2 mM EDTA (-Ca). Nonspecific binding was assessed by addition of 50 nM unlabeled OS2 D49K mutant. The IC50 values
are the concentrations of unlabeled sPLA2s that inhibit 50% of [125I]OS2 D49K specific binding. The∆IC50 value is the ratio of the IC50
value measured at an inhibitor concentration sufficient to saturate unlabeled sPLA2 to the IC50 value measured in the absence of Me-
Indoxam. The data are representative of at least four independent experiments. (B) Cross-linking of iodinated OS1, OS2, OS2 D49K, and
mGIIF to the mouse soluble M-type receptor in the presence or absence of 20µM Me-Indoxam. Binding assays and cross-linking were
performed as described in Experimental Procedures. The resulting complexes were separated on a 4 to 12% SDS-polyacrylamide gel and
visualized by autoradiography. The results are representative of two independent experiments.
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FIGURE 5: Effect of Me-Indoxam on the binding of iodinated mouse
sPLA2s to COS cell membranes containing the M-type receptor.
The indicated sPLA2s were iodinated, and their binding properties
were analyzed with COS cell membranes expressing the mouse
M-type receptor (A and B) or not (C). (A) Direct binding properties
of [125I]mGIIA in the absence or presence of 50µg/mL poly-L-
lysine. Addition of poly-L-lysine to the binding buffer allows
detection of the specific binding of [125I]mGIIA to the M-type
receptor, as shown by inhibition with unlabeled OS1 and mGIIA,
but not with unlabeled bee venom sPLA2. (B and C) Effect of Me-
Indoxam on the binding of iodinated OS1, OS2, mGIIA, mGIIF,
and mGX sPLA2s to membranes from COS cells transfected with
the M-type receptor (B) or mock-transfected (C). COS cell
membranes were incubated at room temperature for 1 h with each
iodinated sPLA2 at 100 pM in the presence of various concentrations
of Me-Indoxam. Binding of [125I]mGIIA was performed in the
presence of 50µg/mL poly-L-lysine. The specific binding to the
mouse M-type receptor and the total binding are given in panels B
and C, respectively. The level of specific binding was calculated
by substracting the level of nonspecific binding (measured
with 50 nM homologous unlabeled sPLA2) from the level of
total binding (no unlabeled homologous sPLA2 competitor).
These results are representative of at least four independent
experiments.

FIGURE 6: Effect of Me-Indoxam on the binding of iodinated mouse
sPLA2s to mouse osteoblastic MC3T3-E1 cells endogenously
expressing the M-type receptor. (A) Western blot showing the
endogenous expression of the M-type receptor in MC3T3-E1 cells.
The two bands observed for both endogenous and transfected
receptor preparations are due to incomplete denaturation of the
receptor under nonreducing conditions (see Experimental Proce-
dures). (B) Binding of the different iodinated sPLA2s to live
MC3T3-E1 cells. sPLA2 binding was assessed at 37°C with 100
pM iodinated sPLA2 in the presence or absence of 20µM Me-
Indoxam and 100 nM unlabeled homologous sPLA2 competitor in
a binding buffer containing 1 mM CaCl2 (see Experimental
Procedures). Binding was also performed at 4°C for iodinated
mGX. After being incubated for 60 min, cells were washed three
times with binding buffer, and the cell-associated radioactivity was
measured. The data are representative of three independent experi-
ments.
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binding of [125I]mGIIA when the binding assays were run
in the presence of poly-L-lysine (Figure 5B). On the other
hand, Me-Indoxam has no effect on the high-capacity binding
of [125I]mGIIA to mock-transfected cells (Figure 5C).
Although Me-Indoxam was expected to inhibit the binding
of [125I]OS2 and [125I]mGX to membranes containing the
M-type receptor (Figure 3), the binding of both ligands was
strengthened. Since Me-Indoxam also strengthens the binding
of the two ligands to mock-transfected cell membranes
(Figure 5C) andE. coli membranes (not shown), it is likely
that Me-Indoxam has two effects on these two sPLA2 ligands;
i.e., it strengthens their binding to membrane phospholipids,
while it weakens their binding to the M-type receptor. This
probably explains why the increase in level of binding
produced by Me-Indoxam is smaller for membranes contain-
ing the receptor (Figure 5B) than for membranes lacking the
receptor. Finally, Me-Indoxam did not strengthen the binding
of [125I]OS2 D49K to COS cell membranes (Figure 5C), and
as expected from the weak affinity of mGIIF for the inhibitor,
the binding of [125I]mGIIF to both types of cell membranes
was not very sensitive to the inhibitor (Figure 5B,C).

We finally analyzed the effect of Me-Indoxam on the
binding of the various iodinated sPLA2s at 37°C to live
osteoblastic MC3T3-E1 cells which constitutively express the
mouse M-type receptor (73). Western blot analysis confirmed
that our MC3T3-E1 subclone does express a receptor similar
in size to the transfected membrane-bound mouse M-type
receptor (Figure 6A). As expected, a specific binding of
[125I]OS1 to the cell surface M-type receptor was detected,
and this binding was efficiently inhibited by Me-Indoxam
(Figure 6B). A similar situation was found for [125I]OS2

(Figure 6B). As observed above with cellular membranes,
the binding of [125I]mGIIA was very strong on live MC3T3-
E1 cells. This binding was not inhibited by unlabeled mGIIA,
and the level of binding was neither decreased nor increased
by Me-Indoxam, indicating that mGIIA binds to a cellular
component which is insensitive to the inhibitor. We could
not use poly-L-lysine on cells to decrease the level of mGIIA
binding because the compound was toxic to cells and they
become detached from the culture dish. The binding of
[125I]mGIIF was specific. On the basis of inhibition by
unlabeled OS1 (not shown), this binding was found to occur
on the M-type receptor. As expected (Table 2), it was almost
insensitive to Me-Indoxam. Finally, at 37°C, the binding
of [125I]mGX was found to occur on a major cellular
component which is different from the M-type receptor, as
checked by the poor inhibition with unlabeled mGX (Figure
6B) and OS1 (not shown). The binding to this cellular
component was dramatically strengthened by Me-Indoxam
(Figure 6B). Since mGX binds to phosphatidylcholine which
is present in large amounts at the cell surface, the most likely
explanation is that Me-Indoxam strengthens the binding of
[125I]mGX to this phospholipid surface. To decrease the level
of binding of [125I]mGX to this phospholipid, we performed
binding assays at 4°C. At this temperature, the binding of
mGX to the M-type receptor could be revealed since
[125I]mGX binding was inhibited by unlabeled mGX, OS1

(not shown), and Me-Indoxam (Figure 6B).
Structurally Distinct CompetitiVe sPLA2 Inhibitors of

Different Sizes Differentially Modulate the Binding of sPLA2s
to the M-Type Receptor.Since Me-Indoxam binds to the
catalytic site of sPLA2, we postulated that the perturbating

effect of Me-Indoxam on the sPLA2-receptor interaction
could be due in large part to its protrusion out of the catalytic
groove, as indicated by analysis of the cocrystal structure of
hGX sPLA2 complexed with Me-Indoxam (Figure 7). The
fact that sPLA2 residues located at the interfacial binding
surface are important for interaction with the receptor also
fits with this view (77). We thus hypothesized that the impact
of various sPLA2 inhibitors on the sPLA2-receptor interac-
tion will be different depending on the inhibitor size and

FIGURE 7: (A) Structure of hGIIA sPLA2 complexed with
LY311727 in the presence of Ca2+ (32). (B) Structural model of
hGIIA complexed with Pyrazole-1. The model was generated by
docking using FLO/QXP (88). (C) Structure of hGX sPLA2
complexed with Me-Indoxam in the presence of Ca2+ (48). The
ribbon views were generated from the PDB files with Molscript
and show the different protrudings of inhibitors at the interfacial
binding surface of sPLA2.
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extent of protrusion from the surface of the sPLA2. To
evaluate this, we analyzed the effect of various hGIIA sPLA2

inhibitors (Table 3 and Figure 8) on the binding of this sPLA2

to the M-type receptor. These inhibitors include LY311727
and Pyrazole-1 which differentially protrude from the hGIIA
active site (Figure 7). We also assayed Indoxam (40),
compounds A and B (33), and indole compounds 42, 44,
and 46 which bear small alkyl groups at the N1 position

(48). Importantly, compound B is identical to S-5920/
LY315920Na, which has been used in several animal models
and clinical trials (31). As expected, the sPLA2 inhibitors
that protrude more substantially from the catalytic site
produced larger affinity shifts for the binding of hGIIA to
the M-type receptor (Table 3). Interestingly, compounds 42,
44, and 46, which are predicted to be buried in the catalytic
site (48), produce only marginal effects on the affinity of

Table 3: Effect of Various sPLA2 Inhibitors on the Catalytic Activity and Binding Properties to the M-Type Receptor of hGIIA and hGV
sPLA2sa

sPLA2 inhibitor

inhibitor IC50

on enzymatic
activity (µM)

inhibitor concentration
in the binding assay (µM)

sPLA2 IC50 for
M-type receptor
binding (nM)

∆IC50 for M-type
receptor binding

hGIIA - - - 14 1
Me-Indoxam 0.010 20 180 13
Indoxam 0.006 20 350 25
LY311727 0.030 20 105 8
compound A 0.007 20 370 26
compound B 0.007 20 480 34
compound 42 0.025 10 66 5
compound 44 0.025 10 44 3
compound 46 0.020 10 83 6
Pyrazole-1 0.100 20 430 31

hGV - - - 18 1
molecule 19 10 100 900 50

a IC50 values of inhibitors with sPLA2 enzymatic activity were determined usingE. coli membranes as a substrate. IC50 values of hGIIA or hGV
sPLA2s for the M-type receptor were measured by competition binding assays with unlabeled sPLA2s and [125I]OS2 D49K for binding to the rabbit
M-type receptor in the absence or presence of a saturating concentration of inhibitor. The∆IC50 value for M-type receptor binding is the ratio of
the IC50 value measured with inhibitor to the IC50 value measured without inhibitor.

FIGURE 8: Structures of the sPLA2 inhibitors used in this study: LY311727 (32), Indoxam (40), Me-Indoxam and Pyrazole-1 (46), compounds
A and B (33), compounds 42, 44, and 46 (48), and compound 19 (75, 80). Note that Me-Indoxam is an indole analogue with a methyl group
at the 2-position, whereas Indoxam is an indolizine analogue with an ethyl group at the 2-position.
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hGIIA, although they are quite potent inhibitors of the
enzyme (Table 3 and ref48).

sPLA2 Binding Assay with the M-Type Receptor Can Be
Used To Screen for True CompetitiVe sPLA2 Inhibitors.
sPLA2 inhibitors can be divided into true competitive
inhibitors that bind tightly to the catalytic site and nonspecific
inhibitors that bind to the phospholipid interface and promote
desorption of sPLA2 (1). We reasoned that our sPLA2

receptor binding assay could be a sensitive and rapid method
for identifying novel compounds or characterizing putative
sPLA2 inhibitors as true competitive sPLA2 inhibitors. As
shown above, we showed that many sPLA2 inhibitors that
are true competitive inhibitors of sPLA2 induce a shift in
the affinity of sPLA2 for the M-type receptor. To verify the
specificity of our sPLA2 binding assay for true competitive
inhibitors, we analyzed the effect of the nonspecific inhibitors
quinacrine (1 mM) and polymyxin B (5µg/mL). None of
the two compounds were able to affect the binding of OS1,
OS2, hGIIA, or hGX under conditions similar to those
described in the legend of Figure 4 (not shown). To
demonstrate the utility of this approach, we analyzed the
effect of compound 19 (Figure 8) on the sPLA2-M-type
receptor interaction. This compound is a triazepandione
derivative that was recently identified as a novel inhibitor
of hGV sPLA2 by using an in silico-guided method of
screening (75, 80). As indicated in Table 3, compound 19
was found to inhibit the binding of hGV sPLA2 to the M-type
receptor, indicating that this compound indeed binds to hGV
sPLA2. A shift in affinity of 50-fold was observed.

DISCUSSION

We have shown here that several active site-directed,
competitive inhibitors of sPLA2s are also potent inhibitors
of the binding of various venom and mammalian sPLA2s to
the M-type receptor. Our results extend the original observa-
tion showing that the indole analogue Indoxam blocks the
binding of group IB and X sPLA2s to the mouse M-type
receptor (also called PLA2R) (40, 73). The mechanism of
inhibition of sPLA2 binding by Indoxam was however not
addressed in these former studies. Using the Indoxam
analogue Me-Indoxam as a prototypic and potent sPLA2

inhibitor (46), a D49K OS2 mutant that cannot bind this
inhibitor (and all other inhibitors used in this study), and a
purified recombinant soluble M-type receptor preparation,
we now clearly demonstrate that Me-Indoxam weakens the
binding of various sPLA2s to the receptor by inducing a
dramatic shift in sPLA2 affinity for the receptor. Our results
also indicate that the Me-Indoxam-sPLA2 complex can still
bind to the receptor, yet with a much weaker affinity. This
latter view is clearly supported by the fact that the shift in
sPLA2-receptor affinity reaches a limiting value as the
concentration of Me-Indoxam is increased. For example, only
a limiting value of a 30-fold shift in the affinity of mGIIA
for the receptor was observed. If the Me-Indoxam-mGIIA
complex were unable to bind to the receptor, an approxi-
mative 10000-fold shift in affinity would have been expected
on the basis of the apparent affinity of Me-Indoxam for
mGIIA [IC50 value of 1.5 nM (Table 1)] and the maximal
concentration of 20µM Me-Indoxam used in binding assays
(Figure 4).

The effect of Me-Indoxam on the binding of OS1, OS2,
mGIB, mGIIA, hGIIA, mGIIE, and mGX to the M-type

receptor indicates that the shift in affinity induced by the
inhibitor depends on the sPLA2 subtype. We also found that
sPLA2 inhibitors of different sizes and modes of binding to
the sPLA2 active site induce different shifts in affinity for
the binding of the same sPLA2 (Table 3). This finding
prompted us to search for sPLA2 inhibitors that would be
able to inhibit enzymatic activity but that would produce
minimal effects on receptor binding. Although future work
is required to identify such inhibitors for the different sPLA2s,
our current data show that compounds 42, 44, and 46 which
are Me-Indoxam analogues bearing small alkyl groups at the
N1 position (48) are attractive candidates. Indeed, these
inhibitors are potent inhibitors of the catalytic activity of
hGIIA but produce minimal effects on binding of hGIIA to
the M-type receptor (Table 3). Such inhibitors would be
interesting tools for discriminating between enzymatic activ-
ity and receptor binding in sPLA2 biological effects.

More detailed studies, including determination of the
sPLA2-receptor crystal structure in the absence and presence
of an inhibitor bound to the sPLA2 active site, are required
to determine the exact mechanism by which Me-Indoxam
and other inhibitors weaken the binding of sPLA2 to the
M-type receptor. Our current findings suggest that the sPLA2

inhibitor acts by a steric hindrance effect that may be
primarily due to the protrusion of the inhibitor from the active
site. Cocrystal structures of LY311727 with hGIIA sPLA2

and of Me-Indoxam with hGX sPLA2 as well as docking of
Pyrazole-1 with hGIIA clearly indicate different protrusions
of these inhibitors that fit fairly well with their effects on
receptor binding (Figure 7 and Table 3). We cannot exclude
the possibility that the inhibitors may also induce subtle
allosteric changes in the sPLA2 structure that would affect
the affinity for the receptor. We thus propose that the
presence of the inhibitor in the catalytic site induces allosteric
changes to the sPLA2, and along with the protrusion from
the catalytic groove, this combination affects the binding of
the enzyme to the M-type receptor in a manner that depends
on both the nature of the enzyme and the inhibitor. Our
results agree with the finding that sPLA2 residues from the
interfacial binding surface and Ca2+ loop make molecular
contacts with the receptor (77). The fact that compounds 42,
44, and 46 have minimal effects on the binding of hGIIA to
the M-type receptor at 10µM while they fully inhibit hGIIA
sPLA2 activity at this concentration (Table 3) suggests that
the amino acid side chains of the receptor do not make direct
molecular interactions with sPLA2 residues from the hydro-
phobic channel or the active site. The mechanism by which
sPLA2 inhibitors modulate the sPLA2-receptor interaction
is analogous to those of the small drugs antimycin A or
nutlin-2 that prevent protein-protein interactions by binding
to the hydrophobic groove of one protein partner (81, 82).
However, nutlin-2 and antimycin A act in a strict competitive
manner. Indeed, nutlin-2 binds to the hydrophobic pocket
of MDM-2 and directly competes with the three amino acid
residues of P53 that normally bind to the pocket (82).
Similarly, antimycin A binds to the hydrophobic groove of
Bcl-XL and prevents the binding of BH3 domain peptides
of Bak, Bax, and Bik (81). Finally, we found that Me-
Indoxam requires Ca2+ to inhibit binding of sPLA2 to the
receptor, providing direct proof that Me-Indoxam and many
other indole inhibitors indeed require Ca2+ for a potent
interaction with sPLA2 (32, 48).
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We have also analyzed the direct binding of various
iodinated sPLA2s to COS cell membranes transfected with
the M-type receptor or not transfected and to live MC3T3-
E1 cells endogenously expressing the M-type receptor to
demonstrate that Me-Indoxam can inhibit the binding of these
sPLA2s to the M-type receptor in a more relevant cell
biological context (Figures 5 and 6). These binding studies
on membranes and live cells revealed additional binding
features for mGIIA and mGX sPLA2s over their specific
binding to the M-type receptor and inhibition by Me-
Indoxam. When exogenously added to live cells or mem-
branes, mGIIA can bind to a very abundant plasma mem-
brane component which consists most likely of heparan
sulfate proteoglycans, and this binding is insensitive to Me-
Indoxam (Figures 5 and 6). This view is supported by many
studies documenting the interaction of group IIA sPLA2 with
various heparan sulfate proteoglycans (7, 69), by the absence
of inhibition by OS1 which does not bind to heparin
(unpublished data), and by inhibition with the basic com-
pound poly-L-lysine, which suggest that mGIIA binds to
anionic structures at the plasma membrane. The tight binding
of mGIIA probably does not occur on phospholipids, since
mGIIA binds very poorly to phosphatidylcholine and cannot
release arachidonic acid from the cell surface (16, 46). Since
both unlabeled mGIIA and unlabeled OS1 could not signifi-
cantly decrease the total level of binding of iodinated mGIIA,
these heparan sulfate proteoglycans appeared as major low-
affinity binding sites for mGIIA which are much more
abundant than the M-type receptor (Figures 5 and 6). The
exact role of this tight binding is still unclear and is in
remarkable contrast with the inability of group IIA sPLA2

to bind to phosphatidylcholine and hydrolyze phospholipids
on the outer leaflet of the plasma membrane when exog-
enously added to cells (7, 12, 16, 46). How this binding is
related to regulation of enzymatic activity, cross-talk with
cPLA2 IVA and COX-2, or sPLA2 internalization remains
to be determined (13, 16, 53, 57, 79). In addition to the
M-type receptor, exogenously added mGX can bind to an
abundant binding component which is most likely plasma
membrane phospholipids, especially phosphatidylcholine
(Figures 5 and 6). In this case, the binding was strengthened
by Me-Indoxam (Figures 5 and 6) and by Indoxam or
compound A (not shown). In support of this view, a similar
binding of iodinated mGX and an enhancing effect by Me-
Indoxam were observed withE. coli membranes (not shown).
Me-Indoxam could also enhance the binding to cellular
membranes or live cells of OS2 but not of OS1, D49K OS2,
mGIIA, or mGIIF (Figures 5 and 6), in good agreement with
their phospholipid binding properties (46, 74). Together,
these results suggest that the enhancing effect of Me-Indoxam
on sPLA2 binding is due to a higher affinity of the sPLA2

for phospholipids when Me-Indoxam is bound to the active
site. Me-Indoxam probably acts as an anchor that increases
the hydrophobicity of the sPLA2 interfacial binding surface
and partially contributes to adsorption of sPLA2 to the
phospholipid interface. This view fits well with the crystal
structure of the hGX-Me-Indoxam complex in which the
2-phenylbenzyl group of Me-Indoxam protrudes from the
enzyme catalytic groove (Figure 7) and the suggestion that
the phenyl group could penetrate into the membrane interface
to more tightly anchor the sPLA2 to the membrane (48). It
is also possible that Me-Indoxam could partition into

membrane phospholipids and increase the negative charge
of the membrane since it bears a carboxylate functional
group, and this could promote sPLA2 binding for anionic
binding pockets of sPLA2 (83). In the case of live cells, it is
most likely that the enhanced binding occurs on phospha-
tidylcholine in the outer leaflet of the plasma membrane onto
which group X sPLA2 and OS2 bind tightly (12, 74). In
accordance with the very poor binding of mGIIA to phos-
phatidylcholine (46), the contribution of Me-Indoxam in
interfacial binding of mGIIA to plasma membrane phospho-
lipids is not strong enough by itself to promote binding.
Finally, since the M-type receptor has the ability to internal-
ize various sPLA2s, including mGX (22, 70), the total level
of binding of iodinated mGX to live cells measured at 37
°C is complex and is likely to be the sum of sPLA2 bound
to the receptor at the cell surface, sPLA2 internalized by the
receptor, and sPLA2 bound to phospholipids. The fact that
the level of binding of iodinated mGX is weakly reduced
by unlabeled mGX (and OS1, not shown) at 37°C indicates
that most of this binding does not result from binding to the
M-type receptor and is not due to subsequent internalization
but occurs on an abundant target that cannot be saturated by
the excess of unlabeled mGX. This is in contrast with the
binding data obtained with iodinated OS1 and mGIIF, which
both bind very specifically to the M-type receptor. Shifting
the binding experiments to 4°C, which is known to decrease
both internalization and lipid membrane fluidity, was ex-
pected to lead to a more specific binding of mGX to the cell
surface M-type receptor. The effect of Me-Indoxam at 4°C
fits with this view, since the inhibitor no longer strengthens
mGX binding but rather blocks mGX binding, as shown
previously for Indoxam on the same sPLA2 (73). Importantly,
it should be noted that even though Me-Indoxam strengthens
the binding of group X sPLA2 to phospholipids, a high
concentration of Me-Indoxam fully inhibited arachidonic acid
release induced by this sPLA2 when added exogenously (16).

These findings and those previously obtained with In-
doxam (40) raise the possibility that the mechanism of action
of sPLA2 inhibitors, including indole analogues, which have
been largely used in vitro and in vivo (5, 6, 30, 31), is more
complex than “simple” blockade of catalytic activity. Our
findings first indicate that under conditions where the M-type
receptor would play a role in sPLA2 biological actions (see
the introductory section), Me-Indoxam or other inhibitors
would prevent sPLA2 binding and, thus, sPLA2 biological
effects of not only group IIA sPLA2 but also other sPLA2s
targeted by these inhibitors. This hypothesis has been
proposed for the M-type receptor to explain the therapeutic
effects of Indoxam in a mouse model of endotoxic shock
(40). This was supported by the fact that on one hand mice
deficient for the M-type receptor (71) and on the other hand
naive mice treated with Indoxam (40) exhibited higher
resistance to lipopolysaccharide-induced lethality with re-
duced plasma levels of TNF-R and IL-1â. If this hypothesis
is correct, then Indoxam or Me-Indoxam would be expected
to have more limited or no therapeutic effects on M-type
receptor-deficient mice. Furthermore, sPLA2 inhibitors that
would not produce a shift in the affinity of sPLA2 for the
M-type receptor while blocking catalytic activity would have
no therapeutic benefits. Such experiments remain to be
performed to evaluate these possibilities. On the other hand,
although group IB sPLA2 was suggested to be important in
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the mouse model of endotoxic shock described above where
the mice used are naturally deficient for mGIIA (40), we
now know that other sPLA2s bind to the mouse M-type
receptor (M. Rouault et al., manuscript submitted for
publication) and are sensitive to Indoxam (B. P. Smart et
al., unpublished data) and related indole analogues (46).
Thus, several mouse sPLA2s other than group IB sPLA2 may
play a role in this model. Mouse group IIE sPLA2 would be
an attractive candidate as it has a very low catalytic activity,
binds Me-Indoxam and other inhibitors with high affinity
(46), and binds very avidly to the M-type receptor and its
level of gene expression is increased in lipopolysaccharide-
treated mice (47). By extension, one can speculate that for
sPLA2s which have very low enzymatic activity and may
primarily exert their biological effects by binding to proteins
with or without the M-type receptor, an inhibitory effect of
Me-Indoxam or related inhibitors would be due to inhibition
of sPLA2 binding rather than enzymatic activity. Finally,
since the M-type receptor can internalize and degrade sPLA2s
(22, 70), sPLA2 inhibitors affecting receptor binding may
increase the half-life of circulating extracellular sPLA2s,
while blocking their enzymatic activity. Whether the use of
these inhibitors will have detrimental or beneficial therapeutic
efects will thus depend on their balanced action on enzymatic
activity and receptor binding.

A few other sPLA2 binding proteins that include surfactant
protein A, glypican-1, factor Xa, vimentin, and the VEGF
receptor KDR2 have been identified over the past decade
for mammalian sPLA2s, including the human group IIA form
(2, 50, 79, 84, 85). Whether sPLA2 inhibitors modulate the
binding of mammalian sPLA2s to these protein targets
remains an open question, except for the vimentin-hGIIA
interaction which was found to be prevented by addition of
the inhibitor LY311727 (50). This was in accordance with
the fact that basic amino acids from the interfacial binding
site, thus near the catalytic groove of hGIIA, are important
for interaction with vimentin (50).

Our findings may also explain the results of a few studies
in which sPLA2 inhibitors were preventing sPLA2 biological
actions while catalytically inactive mutants were as active
as the wild-type enzyme (53, 55, 57, 59). For example, the
induction of COX-2 by group IIA sPLA2 was blocked by
LY311727 in human synovial cells (55), but COX-2 was
induced by two catalytically inactive mutants of this sPLA2

in rat mast cells (53). In another study in mesangial cells,
we found that the H48Q catalytically inactive mutants of
porcine group IB and human group IIA sPLA2s potentiated
the expression of rat group IIA sPLA2 induced by TNF-R,
while LY311727 prevented the action of both the wild type
and H48Q mutants (57). The latter finding indicated that the
H48Q mutant should still bind LY311727. In agreement with
this view, we found that the H48Q porcine group IB mutant
and the OS2 H48Q mutant (74) can still bind Me-Indoxam,
as indicated by inhibition of their residual catalytic activities
and their binding to the M-type receptor by Me-Indoxam
(data not shown). Last, the inhibitory effects of Me-Indoxam
on the secretion of IL-6 and TNF-R triggered by porcine
group IB and its mutant H48Q on human lung macrophages
(59) are also in agreement with the findings described above.
It should be noted that in all of these studies, the contribution
of the M-type receptor is still unclear and that the proteins

to which the sPLA2s bind to exert their effects remain to be
identified.

Our findings further indicate that it is critical to develop
potent and selective inhibitors of the different sPLA2 enzymes
and/or other tools like receptor antagonists to accurately
probe the physiological and physiopathological functions of
sPLA2s (5, 6, 30, 31, 33). Ideally, well-designed sPLA2
inhibitors that prevent catalytic activity but not interaction
of sPLA2 with their protein targets would help to resolve
the key issue of the contribution of enzymatic activity versus
receptor binding in sPLA2 biological effects. Initially, most
of the current sPLA2 inhibitors were developed with the aim
of blocking the enzymatic activity of hGIIA sPLA2. The
interpretation of the data obtained with these inhibitors in
vitro and in vivo under pathophysiological conditions (34,
36, 37, 39-44, 47) need to be reevaluated on the basis of
the fact that they bind to several sPLA2s and may exert dual
effects on sPLA2 catalytic activity and interaction of sPLA2
with binding proteins. The fact that sPLA2 inhibitors are
expected to have detrimental effects in situations where it
would be important to maintain sPLA2s as active enzymes
should also be highlighted. This would be the case when
sPLA2 functions as a host defense factor against infection
by bacteria likeStaphylococcus aureusor Bacillus anthracis,
viruses like HIV or adenovirus, or parasites likePlasmodium
falciparum(9, 62-65). For example, the fact that injection
of LY311727 led to an earlier mortality in a murine
toxoplasmosis experimental model is in line with this view
and suggests a protective role for at least one mouse sPLA2

sensitive to this inhibitor (86). This view may also explain
the absence or even adverse effects of the hGIIA sPLA2

inhibitor S-5920/LY315920Na observed on a cohort of
patients with severe sepsis and organ failure (41, 43).

Finally, the receptor binding assay with the D49K OS2

mutant developed in this work could be used to screen for
new sPLA2 inhibitors. Technically, the binding assay can
be performed using various formats, including surface
plasmon resonance technology, fluorescence resonance en-
ergy transfer analysis, or ELISA. This screening has an
advantage in that it may lead to the identification of
compounds that bind to the sPLA2 and would behave as
sPLA2 inhibitors or that bind to the M-type receptor or other
sPLA2 protein targets and would behave as receptor antago-
nists. Since binding of sPLA2 to the M-type receptor can be
performed in the total absence of a phospholipid substrate,
another advantage is that this screen will identify sPLA2

inhibitors that would not act nonspecifically by promoting
desorption of the sPLA2 from the lipid interface but that
would act in a specific and competitive mode by binding to
the sPLA2 catalytic site (87). In the past, numerous investiga-
tors have used phospholipid analogues with very short fatty
acyl chains, i.e., dihexadecanoylphosphatidylcholine, to
measure the activity of sPLA2s in the absence of a membrane
interface in an effort to characterize competitive inhibitors.
Even though the concentration of the short chain substrate
was below the critical micelle concentration, careful analysis
shows that sPLA2s tend to form protein-phospholipid
microaggregates with these substrates presumably due to
collection of multiple short chain substrates on the interfacial
binding surface of the enzyme (1). In this context, the sPLA2
inhibition assay using the soluble M-type receptor described
in this study to monitor direct binding of the inhibitor to the
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active site of the sPLA2, or near the active site, provides a
more reliable way of monitoring sPLA2-inhibitor interaction
in the absence of a phospholipid interface. The receptor
binding assay may also serve to demonstrate whether an
identified yet not fully characterized sPLA2 inhibitor acts in
a competitive mode or via nonspecific modulation of binding
of sPLA2 to the lipid-water interface (1).
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