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ABSTRACT
Although it is known that mastoparan, a wasp venom toxin,
directly activates Gi/o, mastoparan-induced biological re-
sponses are not always explained by this mechanism. For
instance, we have demonstrated previously that mastoparan
suppressed phosphoinositide hydrolysis induced by carbachol
in human astrocytoma cells (FEBS Lett 206:91–94, 1990). In the
present study, we examined whether mastoparan affected
phosphoinositide hydrolysis by interacting with lipid rafts in
PC-12 cells. Mastoparan inhibited UTP-induced increase in
[Ca2�]i and phosphoinositide hydrolysis in a concentration-
dependent manner. UTP-induced phosphoinositide hydrolysis
occurred in lipid rafts, because methyl-�-cyclodextrin, a dis-
rupting regent of lipid rafts, inhibited the hydrolysis. Mastopa-
ran changed the localization of G�q/11 and G� together with
cholesterol from lipid rafts to nonraft fractions or cytosol. These
changes were inhibited by ganglioside mixtures, suggesting

that mastoparan interacts with gangliosides in lipid rafts. In
fact, ganglioside mixtures and neuraminidase, but not sialic
acid, attenuated the inhibitory effect of mastoparan on phos-
phoinositide hydrolysis. Furthermore, fluorescence intensity of
tyrosine residue of [Tyr3]mastoparan was potentiated by gan-
glioside mixtures, suggesting the direct binding of mastoparan
to gangliosides. Mastoparan caused cytotoxicity of PC-12 cells
in a concentration-dependent manner, determined by LDH re-
lease. The mastoparan-induced cytotoxicity was significantly
inhibited by neuraminidase or gangliosides. The order of inhib-
itory potency of gangliosides was GT1b � GD1b � GD1a �
GM1 �� GQ1b, but asialo-GM1 and sialic acid were inactive.
These results suggest that mastoparan initially binds to gan-
gliosides in lipid rafts and then it inhibits phosphoinositide
hydrolysis by changing the localization of G�q/11 and G� in lipid
rafts.

Lipid rafts in plasma membranes are formed by accumu-
lation of cholesterol and sphingoglycolipids principally and
are assumed to be a dynamic domain that is produced and
disrupted repeatedly (Simons and Ikonen, 1997). It has been
revealed that a variety of signaling molecules are accumu-
lated in lipid rafts, where signal transduction occurs more
effectively. In addition, lipid rafts play important roles in
intracellular vesicle transports (Nabi and Le, 2003), the ho-
meostasis of cholesterol (Ikonen and Parton, 2000), the reg-
ulation of immunoreaction (Viola et al., 1999; Janes et al.,
2000), and so on. Cholesterol is essential for the retention of
lipid raft structures, because removing cholesterol from
plasma membrane by treatment with methyl �-cyclodextrin
(M�CD) disturbs the functions of lipid rafts (Shadan et al.,
2004).

Because lipid rafts are detergent-insoluble at low temper-

ature, they are collected as a low density fraction by sucrose
density gradient centrifugation of detergent-treated cell ly-
sates (Brown and Rose, 1992). This fraction is called deter-
gent-resistant membrane (DRM), and various signaling mol-
ecules, such as G-protein-coupled receptors (Foster et al.,
2003), G-proteins (Oh and Schnitzer, 2001), protein kinases
(Wu et al., 1997), and ion channels (Martens et al., 2000) are
enriched in DRM.

Mastoparan is a wasp venom toxin with a structure of 14
amino acid residues, Ile-Asn-Leu-Lys-Ala-Leu-Ala-Ala-Leu-
Ala-Lys-Lys-Ile-Leu-NH2. As a structural feature, the C-ter-
minal Leu of mastoparan is amidated. Mastoparan has var-
ious pharmacological activities, such as release of histamine
from mast cells (Hirai et al., 1979), secretion of insulin from
pancreatic islet cells (Yokokawa et al., 1989), regulation of
sarcoplasmic reticular Ca2� release by binding to glycogen
phosphorylase (Hirata et al., 2000, 2003), and activation of
arachidonic acid release (Gil et al., 1991). Because it has been
revealed that mastoparan directly activates Gi/o in a pertus-
sis toxin-sensitive manner, mastoparan has been assumed to
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be a G-protein activator (Higashijima et al., 1988). We have
demonstrated previously that mastoparan suppressed phos-
phoinositide hydrolysis induced by the muscarinic receptor
agonist carbachol in 1321N1 human astrocytoma cells (Na-
kahata et al., 1990). Likewise, Wojcikiewicz and Nahorski
(1989) showed that mastoparan inhibited phosphoinositide
hydrolysis induced by guanosine 5�-O-(3-thio)triphosphate in
permeabilized SH-SY5Y human neuroblastoma cells. It is
difficult to explain why the inhibitory effect of mastoparan on
phosphoinositide hydrolysis is mediated by its activation of
Gi/o. Therefore, it seems likely that there is another mecha-
nism of mastoparan-induced inhibition of phosphoinositide
hydrolysis besides the activation of Gi/o. Because mastoparan
affects various G-protein-coupled receptor signaling, masto-
paran may not be a receptor antagonist. In addition, the
suppression of phosphoinositide hydrolysis by mastoparan
suggests that the site of action is upstream of phospholipase
C. On the other hand, it has been reported that the expres-
sion level of sphingoglycolipids affects the composition of
lipid rafts and changes signal transduction (Nishio et al.,
2004). Thus, it is assumed that lipid rafts are important as a
place for the regulation of signal transduction. Furthermore,
recent investigations have revealed that a number of patho-
gens (microorganisms, parasites, and viruses) and toxins
take advantage of lipid rafts as infection routes owing to
enrichment of their receptor molecules. For instance, cholera
toxin and melittin are associated with GM1 (Chatterjee and
Mukhopadhyay, 2002) and Vibrio cholerae cytolysin requires
sphingoglycolipids and cholesterol for its polymerization
(Zitzer et al., 1999).

In the present study, therefore, we investigated whether
mastoparan affected phosphoinositide hydrolysis by interact-
ing with lipid rafts. The results obtained suggest that mas-
toparan initially binds to gangliosides, especially GD1b and
GT1b on the cell surface, and then inhibits phosphoinositide
hydrolysis by changing the localization of G�q/11 and G� in
lipid rafts.

Materials and Methods
Materials. Mastoparan (Ile-Asn-Leu-Lys-Ala-Leu-Ala-Ala-Leu-

Ala-Lys-Lys-Ile-Leu-NH2) was obtained from Peptide Institute Inc.
(Osaka, Japan). [Tyr3]Mastoparan (Ile-Asn-Tyr-Lys-Ala-Leu-Ala-
Ala-Leu-Ala-Lys-Lys-Ile-Leu-NH2) was synthesized by a peptide
synthesizer. Dulbecco’s modified Eagle’s medium (DMEM) was pur-
chased from Nissui Pharmaceuticals (Tokyo, Japan). GM1 and GQ1b
were from Calbiochem (Darmstadt, Germany). GD1a and GD1b were
from Toyobo (Osaka, Japan). Uridine 5�-triphosphate (UTP), sialic
acid, ganglioside mixtures, GT1b, asialoganglioside-GM1 and neur-
aminidase III were from Sigma (St. Louis, MO). Lactate dehydroge-
nase CII-test and cholesterol E-test were from Wako Pure Chemicals
(Osaka, Japan). [myo-1,2-3H]Inositol was from American Radiola-
beled Chemicals (St. Louis, MO). Fura 2-AM was from Dojindo
Laboratories (Kumamoto, Japan). Pertussis toxin (PTX) was from
Funakoshi Pharmaceutical (Tokyo, Japan). Other chemicals and
drugs were of regent grade or of the highest quality available.

Cell Culture. PC-12 cells were grown in DMEM containing 10%
fetal bovine serum, 5% horse serum, 50 U/ml penicillin, and 50 U/ml
streptomycin in a 37°C humidified incubator in an atmosphere of
95% air/5% CO2.

Measurement of Intracellular Free Ca2� Concentrations.
The changes in the intracellular free Ca2� concentration ([Ca2�]i)
was monitored by the intensity of fura 2 fluorescence at 37°C by
spectrofluorometer (F-2000; Hitachi, Osaka, Japan), as described

previously (Nakahata et al., 1994). PC-12 cells cultured on a 150-mm
dish were collected by gentle pipetting and were washed twice with
modified Tyrode’s solution (137 mM NaCl, 2.7 mM KCl, 1.0 mM
MgCl2, 0.18 mM CaCl2, 20 mM HEPES, and 5.6 mM glucose, pH 7.4).
After centrifugation at 250g for 2 min, cells were treated with 1 mM
fura 2-AM at 37°C for 15 min. Then cells were centrifuged at 250g for
2 min and washed twice with buffer. The cells were suspended in the
buffer at a concentration of 106/ml, and 1.5 ml of the cell suspension
was used for fura 2 assays. UTP-induced [Ca2�]i elevation was mon-
itored in the absence of extracellular Ca2� by addition of 3.3 mM
EGTA. After 100-s incubation with mastoparan, the response to UTP
was observed. The minimum ratio of fluorescence was obtained by
addition of 0.1% Triton X-100 in the presence of EGTA, and the
maximum ratio of fluorescence was obtained in the presence of 10
mM CaCl2.

Assay of [3H]Inositol Phosphates. Phosphoinositide hydrolysis
was monitored by measuring [3H]inositol phosphates as described
previously (Nakahata et al., 1990). In brief, PC-12 cells were cul-
tured in 12-well plates at the density of 2.0 � 105 cells/well. Two days
after seeding, cells were labeled overnight with DMEM containing 2
�Ci/ml [3H]inositol. Cells treated with PTX were cultured in DMEM
containing 2 �Ci/ml [3H]inositol with 100 ng/ml PTX for 20 h. The
cells were preincubated with modified Tyrode’s solution, pH 7.4,
containing 10 mM LiCl and 2 mM EGTA for 6 min after cells were
washed twice with the solution. Then cells were incubated with
drugs for 6 min, and they were further incubated with 100 �M UTP
for an additional 6 min. The reaction was terminated by addition of
equal volume of 10% trichloroacetic acid (TCA). The TCA extract was
centrifuged at 1800g for 5 min, and the supernatant was washed
three times with diethyl ether. Total inositol phosphates were sepa-
rated by an anion exchange column (AG 1X-8) and counted by liquid
scintillation counting.

Sucrose Density Gradient Centrifugation. PC-12 cells cul-
tured on a 150-mm dish were washed twice with modified Tyrode’s
solution. Then cells detached from a dish by pipetting were incu-
bated in 14 ml of modified Tyrode’s solution containing 30 �M mas-
toparan for 1 h. After washing twice with the ice-cold solution, cells
were centrifuged at 250g for 2 min, and the pellet was solubilized in
1 ml of lysis buffer containing 50 mM Tris-HCl, 50 mM NaCl, 0.1%
Triton X-100, 5 mM EDTA, 1.0 mM Na3VO4, 5.0 mM Na4P2O7, 1.0
mM phenylmethylsulfonyl fluoride, 10 �g/ml aprotinin, and 10 �g/ml
leupeptin/antipain, pH 7.6. The lysates were sonicated on ice and
were incubated at 4°C for 1 h with frequent agitation. Lysates (1 ml)
were mixed with 3 ml of 60% sucrose in STE buffer (50 mM Tris-HCl,
50 mM NaCl, 5 mM EDTA, and 1.0 mM Na3VO4, pH 7.6) in a
centrifuge tube, and they were overlaid with 4 ml of 35% sucrose and
4 ml of 5% sucrose. Centrifugation was performed at 200,000g for
16 h at 4°C with a Beckman SW41Ti rotor. Fractions of 1.0 ml were
collected from the top of the gradients (Yamashita et al., 2001).

Immunoblotting. Each fraction was solubilized in Laemmli sam-
ple buffer (75 mM Tris-HCl, 2% SDS, 10% glycerol, 3% 2-mercapto-
ethanol, and 0.003% bromphenol blue) and resolved by SDS/PAGE
on 11% acrylamide gels. Separated proteins were transferred to
polyvinylidene difluoride membrane (Millipore, Bedford, MA) by a
semidry blot apparatus. The blots were immersed in 3% skim milk in
Tris-buffered saline, pH 7.4, containing 0.1% Tween 20 (TBST) for
2 h at room temperature. The blots were washed with TBST and
incubated with the appropriate primary antibody for 2 h at room
temperature. Then the blots were washed with TBST and incubated
with a horseradish peroxidase-conjugated secondary antibody for
2 h. After washing, immnoreactive proteins were visualized with an
enhanced chemiluminescence system.

G�q/11 Release from Membrane Preparations. PC-12 cells
cultured on a 150-mm dish were washed twice with modified Ty-
rode’s solution. Then cells detached from a dish by pipetting were
lysed on ice with the lysis buffer (20 mM KCl, 2.5 mM MgCl2, 1 mM
EDTA, 1 mM dithiothreitol, and 20 mM HEPES, pH 7.4), and the
lysates were sonicated on ice and centrifuged at 600g for 10 min at
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4°C. Membrane preparations were obtained by centrifuging the su-
pernatant at 15,000g for 30 min at 4°C. Membrane preparations
were incubated with 30 �M mastoparan at 4°C for 1 h in 5 ml of
buffer (110 mM KCl, 10 mM NaCl, 1 mM KH2PO4, 0.4 mM MgCl2, 1
mM EGTA, 0.2 mM CaCl2, pCa 7.0, 0.1 mM ATP, and 20 mM
HEPES, pH 7.0), and the samples were centrifuged at 30,000g for 30
min at 4°C. The proteins in supernatant were precipitated by addi-
tion of equal volume of 10% TCA and were centrifuged at 10,000g for
10 min at 4°C. After washing three times with ethanol, the pellets
were solubilized in the sample buffer (0.3 M Tris, 4.12% SDS, 16.7%
glycerol, 16.7 mM Tris-HCl, 0.025% bromphenol blue, and 0.07 M
dithiothreitol), and G�q/11 in the samples was detected as described
under Immunoblotting. The density of the bands corresponding to
G�q/11 was analyzed by densitometry (NIH Image 1.62), and the data
were expressed as percentage of control.

Determination of Cholesterol. Content of cholesterol in frac-
tions was measured with cholesterol E-test kit. Each fraction (100 �l)
was added to a 1-ml reaction mixture (1.6 units of cholesterol ester-
ase, 0.31 units of cholesterol oxidase, 5.2 unit peroxidase, 0.95 mM
sodium 3,5-dimethoxy-N-ethyl-N-(2-hydroxy-3-sulfopropyl)-aniline,
0.19 mM 4-aminoantipyrine, and 4.4 units of ascorbate oxidase) and
incubated at 37°C for 30 min. Then, the absorbance of the solution at
600 nm was measured by a spectrophotometer (UV mini-1240; Shi-
madzu, Kyoto, Japan).

Determination of Tyrosine Fluorescence of [Tyr3]Mas-
toparan. The fluorescence spectra were determined with a spec-
trofluorometer (Hitachi F-2000) at 37°C. [Tyr3]Mastoparan at a con-
centration of 10 �M in H2O was used instead of mastoparan. For
measurements of the changes of the fluorescence of tyrosine of
[Tyr3]mastoparan upon its binding to ganglioside, ganglioside mix-
tures in H2O were added to a 10 �M [Tyr3]mastoparan solution.
After 1 min, [Tyr3]mastoparan was activated at 280 nm, and the
emission spectrum was recorded. Background intensities of samples
were subtracted from each sample spectrum.

Measurement of Lactate Dehydrogenase Activity. The cyto-
toxicity of mastoparan was monitored by measuring lactate dehydro-
genase (LDH) activity. For this measurement, a lactate dehydroge-
nase CII kit was used. In brief, PC-12 cells cultured in a 150-mm dish
were collected by gentle pipetting and washed twice with modified
Tyrode’s solution. The cells were then suspended in the buffer at a
concentration of 106 cells/ml. Cell suspensions (200 �l) were prein-
cubated with gangliosides or neuraminidase in Eppendorf tubes at
37°C for 15 min, and they were incubated with 10 �M mastoparan
for additional 15 min. Reactions were terminated by cooling the
tubes on ice. After samples were centrifuged at 1200g for 2 min, 10
�l of supernatants were used for determination of released LDH.

Data Analysis. The results were expressed as mean � S.E.M.,
and the statistical difference of the values was determined by one-
way analysis of variance with Dunnett test for multiple comparisons.

Results
Mastoparan Inhibits the Increase in [Ca2�]i and

Phosphoinositide Hydrolysis Induced by UTP in PC-12
Cells. UTP increased [Ca2�]i of PC-12 cells through P2Y2

receptor in the absence of extracellular Ca2� in a concentra-
tion-dependent manner. This [Ca2�]i increase is thought to
be intracellular Ca2� mobilization from endoplasmic reticula
by inositol 1,4,5-trisphosphate accumulated by phosphoino-
sitide hydrolysis through the P2Y2 receptor. The increase in
[Ca2�]i induced by UTP was inhibited by 10 �M mastoparan
(Fig. 1A). And mastoparan-induced inhibition of the [Ca2�]i
elevation was concentration-dependent (Fig. 1B). The inhibi-
tion curve for mastoparan is similar to that for mastoparan
on carbachol-induced increase in [Ca2�]i in 1321N1 cells
(Nakahata et al., 1994). In addition, mastoparan inhibited

UTP-induced phosphoinositide hydrolysis in a concentration-
dependent manner (Fig. 2A), suggesting that the suppression
of [Ca2�]i increase by mastoparan is due to the inhibition of
phosphoinositide hydrolysis but not other [Ca2�]i regulatory
mechanisms connecting to Ca2�pump or Ca2� channel. Next,
we examined whether PTX affected mastoparan-induced in-
hibition of the phosphoinositide hydrolysis (Fig. 2B), because
P2Y2 receptor has been reported to be coupled not only to G�q

but also to G�i (Erb et al., 2001). Although UTP-induced
phosphoinositide hydrolysis was decreased by PTX, masto-
paran-induced inhibition of phosphoinositide hydrolysis was
not attenuated by PTX. On the other hand, M�CD, a reagent
extracting cholesterol from plasma membrane to disrupt
lipid rafts concentration-dependently inhibited UTP-induced
phosphoinositide hydrolysis as well as mastoparan did
(Fig. 2C).

Mastoparan Induced Change in the Localization of
Signaling Molecules in Cell Membranes. To evaluate
whether mastoparan changes the localization of signaling
molecules in lipid rafts, detergent-treated PC-12 cell lysates
were separated into fractions by sucrose density gradient

Fig. 1. Effect of mastoparan on UTP-induced [Ca2�]i elevation in PC-12
cells. PC-12 cells loaded with fura 2 were suspended in the modified
Tyrode’s solution in a concentration of 106/ml as described under Mate-
rials and Methods. A, [Ca2�]i elevation induced by 0 to 100 �M UTP in
the presence (f) or absence (F) of 10 �M mastoparan under an extracel-
lular Ca2�-free condition (in the presence of 3.3 mM EGTA). *, significant
difference between UTP alone and UTP plus mastoparan (P � 0.05). B,
concentration-dependent inhibition by mastoparan of UTP-induced
[Ca2�]i elevation. UTP (100 �M)-induced [Ca2�]i elevation was deter-
mined in the presence of various concentrations of mastoparan (0–30 �M)
under an extracellular Ca2� free condition. The data are mean � S.E. of
three experiments. *, significant difference from without mastoparan
(P � 0.05).
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centrifugation, and signaling molecules in the fractions were
determined by immunoblotting (Fig. 3A). Flotillin-1 and
GM1, lipid raft marker molecules, were mainly detected in
DRM fractions (fourth to fifth fractions) in control cells with-
out mastoparan treatment. G�q/11 was detected abundantly

in DRM fractions in control cells. The treatment of cells with
mastoparan resulted in a decrease in G�q/11 level in DRMs.
On the other hand, the distribution of G�q/11 was not changed
by UTP treatment (Fig. 3B). Mastoparan reduced the distri-
bution levels of not only G�q/11 but also G�, G�s, and G�i in
DRMs, showing that mastoparan may affect lipid rafts fol-

Fig. 2. Characterization of mastoparan-induced inhibition of UTP-elic-
ited phosphoinositide hydrolysis. Phosphoinositide hydrolysis was moni-
tored by measuring [3H]inositol phosphates (IP). A, concentration-depen-
dent inhibition of UTP-induced phosphoinositide hydrolysis by
mastoparan. PC-12 cells were labeled with 2 �Ci/ml [3H]inositol over-
night. After the cells were preincubated with mastoparan for 6 min at the
indicated concentrations, they were incubated with 100 �M UTP for 6
min. Accumulated [3H]IP was analyzed as described in detail under
Materials and Methods. B, influence on the inhibition of phosphoinositide
hydrolysis by mastoparan of treatment with PTX. PC-12 cells were cul-
tured in DMEM containing 2 �Ci/ml [3H]inositol and 100 ng/ml PTX for
20 h. After the treatment with 10 �M mastoparan for 8 min, the cells
were incubated with 100 �M UTP for 8 min. Then, accumulated [3H]IP
was analyzed identically. C, concentration-dependent inhibition of UTP-
induced phosphoinositide hydrolysis by M�CD. [3H]IP-labeled PC-12
cells were treated with M�CD for 30 min at the indicated concentrations
and then incubated with 100 �M UTP for 6 min. The data are mean �
S.E. of six experiments. *, significant difference from without mastoparan
(A and B) or M�CD (C) (P � 0.05).

Fig. 3. Effect of mastoparan and UTP on the distribution of signaling
molecules in the cells. A, effect of mastoparan (MP). PC-12 cells were
incubated with 30 �M MP in the presence or absence of 300 �g/ml
ganglioside mixture for 1 h in modified Tyrode’s solution. After solubili-
zation with lysis buffer containing 0.1% Triton X-100 as described under
Materials and Methods, cell lysates were applied to sucrose density
gradient centrifugation. Each sample was separated into 12 fractions,
and signaling molecules such as flotillin-1, G�q/11, G�, G�s, and G�i in the
fractions were analyzed by immunoblotting. For determining GM1, dot
plot analysis was used. Detergent-resistant membrane fractions were
collected into fourth to fifth fractions. B, effect of UTP. PC-12 cells were
incubated with 100 �M UTP for 1 min and were solubilized with lysis
buffer containing 0.1% Triton X-100. After the sample was fractionated
by sucrose density gradient centrifugation, G�q/11 in the fractions was
analyzed by immunoblotting.
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lowed by changing the distribution of signaling molecules in
lipid rafts. In contrast, GM1 did not change their distribu-
tions in response to mastoparan.

The analysis of signaling molecules in DRMs suggests that
mastoparan may interact with lipid rafts. We speculated that
gangliosides, components of lipid rafts, have an important
role as a binding site of mastoparan in lipid rafts because
mastoparan has positive charges because of the three Lys
residues. Negative charges of sialic acid residues of ganglio-
sides contribute to the membrane electric charge, causing the
interaction with a variety of positively charged substances
(Millar et al., 1999). Therefore, we investigated the interac-
tion of mastoparan with gangliosides by determining
whether exogenously added gangliosides attenuate the effect
of mastoparan. PC-12 cells were incubated with 30 �M mas-
toparan in the presence of 300 �g/ml ganglioside mixture in
modified Tyrode’s solution for 1 h, and they were fractionated
by sucrose density gradient centrifugation. Mastoparan-in-
duced decrease in signaling molecules level in DRMs was
attenuated by addition of ganglioside mixture (Fig. 3A).

To examine whether the decrease in G�q/11 level in lipid
rafts comes from the release of G�q/11 from lipid rafts to
cytosol, we examined whether G�q/11 was released from
membranes when membrane preparations were treated with
mastoparan (Fig. 4). G�q/11 was barely released from mem-
brane preparations without drug, but it was markedly re-
leased after treatment with mastoparan. Furthermore, the

release of G�q/11 by mastoparan was attenuated by the incu-
bation in the presence of ganglioside mixture.

On the other hand, mastoparan affected not only func-
tional proteins in lipid rafts but also the content of choles-
terol. Cholesterol level in five fraction was decreased from
83 � 0.48 �g/fraction to 35 � 0.77 �g/fraction by treatment
with mastoparan (Fig. 5), and it was attenuated by the pre-
incubation of cells with ganglioside mixture. These data show
that mastoparan interacts with gangliosides in lipid rafts
and decreases some signaling molecules in lipid rafts by
releasing them from membranes to cytosol or by changing the
localization of them in plasma membranes.

Inhibition of UTP-Induced Phosphoinositide Hydro-
lysis by Mastoparan Is Attenuated by the Preincuba-
tion of Neuraminidase. Next, we investigated whether
exogenously added sialic acid, gangliosides, or neuramini-
dase, which released sialic acid from gangliosides, attenu-
ated the inhibitory effect of mastoparan on UTP-induced
phosphoinositide hydrolysis. PC-12 cells labeled with [3H]i-
nositol were preincubated for 6 min with 10 �M sialic acid or
20 �g/ml ganglioside mixture or for 20 min with 1 milliunits
of neuraminidase, then they were incubated with 10 �M
mastoparan for 6 min, followed by the incubation with 100
�M UTP for an additional 6 min (Fig. 6A). In sialic acid-
treated cells, mastoparan inhibited UTP-induced phospho-
inositide hydrolysis as well as in control cells. On the other
hand, mastoparan failed to inhibit UTP-induced phosphoino-
sitide hydrolysis in the cells treated with ganglioside mixture
or neuraminidase. This attenuating effect of neuraminidase
seemed to be concentration-dependent (Fig. 6B). These re-
sults suggest that mastoparan binds to sialic acid residue of
gangliosides and then may affect intracellular signal trans-
duction. The interaction of mastoparan with gangliosides is
no longer observed if sialic acid residues are released from
gangliosides with neuraminidase.

Fluorescence Intensity of Tyrosine Residue of
[Tyr3]Mastoparan Was Potentiated by Ganglioside
Mixtures. Tyrosine fluorescence is observed at 306 nm when
excited at 280 nm (Menezes et al., 1990). To examine whether

Fig. 4. Release of G�q/11 from plasma membranes by mastoparan. Mem-
brane preparations were incubated with 30 �M mastoparan (MP) in the
presence or absence of 300 �g/ml ganglioside mixture for 1 h and were
concentrated by addition of the equal volume of 10% TCA. The prepara-
tions were centrifuged at 10,000g for 10 min at 4°C, and the pellets were
washed three times with ethanol. After solubilization with the sample
buffer, G�q/11 was analyzed by immunoblotting (A). The density of the
bands corresponding to G�q/11 was analyzed by densitometry (NIH Image
1.62), and the data were expressed as percentage of control (B). The data
are mean � S.E. of three experiments. *, significant difference from
control (P � 0.05). **, significant difference between MP alone and MP
plus ganglioside mixtures (P � 0.05).

Fig. 5. Effect of mastoparan on the content of cholesterol in the cells. PC
12 cells were incubated with 30 �M mastoparan in the presence or
absence of 300 �g/ml ganglioside mixture for 1 h. After solubilization with
lysis buffer containing 0.1% Triton X-100, the cell lysates were applied to
“sucrose density centrifugation.” Cholesterol in each fraction was deter-
mined by the method described under Materials and Methods. F, control
(without drug); f, mastoparan alone; E, gangliosides plus mastoparan.
The data are mean � S.E. of three experiments. *, significant difference
from without mastoparan (P � 0.05). **, significant difference between
mastoparan alone and mastoparan plus ganglioside mixtures (P � 0.05).
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mastoparan was directly bound to ganglioside, the changes of
the intrinsic fluorescence of tyrosine residue of [Tyr3]mas-
toparan by the addition of ganglioside mixtures were mea-
sured at 37°C by a spectrofluorometer. The fluorescence
emission spectra of [Tyr3]mastoparan in the presence of dif-
ferent concentrations of ganglioside mixtures are shown in
Fig. 7A. With increasing the concentration of ganglioside
mixture, the fluorescence intensity at 306 nm was increased
by addition of ganglioside mixture. On the other hand, the
changes of the fluorescence intensity were not observed when
sialic acids were added (Fig. 7B). These results show that
mastoparan binds specifically to gangliosides.

Mastoparan-Induced Cytotoxicity Was Inhibited by
Exogenous Addition of Gangliosides, Especially GD1b
and GT1b. The cytotoxicity of mastoparan was monitored by
measuring LDH activity. Mastoparan caused cytotoxicity at
the concentrations over 10 �M, and more than 60% of cells
were dead at a concentration of 30 �M (Fig. 8A). The cyto-
toxicity was suppressed by treatment of the cells with neur-
aminidase in a concentration-dependent manner (Fig. 8B).
Likewise, the preincubation of the cells with ganglioside mix-
ture resulted in the attenuation of mastoparan-induced cy-
totoxicity (Fig. 9A). On the other hand, the mastoparan tox-
icity was not inhibited by treatment with sialic acid at the
concentration up to 100 �M. To examine the difference in

ganglioside species, several gangliosides (0.3–10 �M) were
used to determine the blockade of mastoparan-induced cyto-
toxicity (Fig. 9B). GT1b, GD1b, GD1a, and GM1 attenuated
mastoparan-induced LDH release in a concentration-depen-
dent manner with the order of inhibitory potency of GT1b �
GD1b � GD1a � GM1 �� GQ1b, but asialo-GM1 was inac-
tive. These results suggest that mastoparan binds to sialic
acid residue of gangliosides, followed by induction of cell
death as well as the inhibition of phosphoinositide hydroly-
sis. The number of sialic acid residues of gangliosides does
not correlate with the inhibitory potency of mastoparan ac-
tion, and the steric structure formed by ceramide and sialic
acid residues may be important for mastoparan binding.
Because free sialic acids in incubation solution did not sup-
press mastoparan-induced toxicity, not only the electrostatic
interaction between mastoparan and sialic acids but also the
hydrophobic interaction between the ceramide and nonpolar
groups of mastoparan may participate in the binding of mas-
toparan to gangliosides.

Discussion
The present study demonstrated that mastoparan changed

the localization of signaling molecules, such as G�q/11 and
G�, from lipid rafts to nonlipid rafts or cytosol in PC-12 cells,

Fig. 6. Attenuation of the inhibitory effect of mastoparan on UTP-in-
duced phosphoinositide hydrolysis by gangliosides or neuraminidase. A,
[3H]inositol-labeled PC-12 cells were preincubated for 6 min with 10 �M
sialic acid (SA) or 20 �g/ml ganglioside mixture (gan) or for 20 min with
1 mU neuraminidase (neu), and then they were incubated with 10 �M
mastoparan (MP) for 6 min followed by incubation with 100 �M UTP for
6 min. The data are mean � S.E. of three experiments. B, the cells were
pretreated with neuraminidase (0.3–3 mU) for 20 min, and they were
incubated with (F) or without (E) 10 �M MP for 6 min, followed by the
incubation with 100 �M UTP for 6 min. The data are mean � S.E. of six
experiments. *, significant difference from without neuraminidase (P �
0.05).

Fig. 7. The changes in fluorescence of [Tyr3]mastoparan by ganglioside
mixtures. The fluorescence emission spectra of [Tyr3]mastoparan was
recorded at 37°C in the presence or absence of ganglioside mixture (A) or
sialic acids (B). The fluorescence emission spectrum of 10 �M
[Tyr3]mastoparan was monitored in the absence (b) or presence of 10
�g/ml (c) and 100 �g/ml (d) of ganglioside mixtures or sialic acids. The
fluorescence emission spectrum of 100 �g/ml ganglioside mixtures or
sialic acids without [Tyr3]mastoparan is shown in a.
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and that this change might result in the inhibition of G�q/11-
mediated phosphoinositide hydrolysis (Figs. 2 and 3A). Fur-
thermore, it was revealed that G�q/11 was released from
plasma membrane by mastoparan in membrane prepara-
tions (Fig. 4). Bhatnagar et al. (2004) showed that Gq-coupled
P2Y signaling were decreased in caveolin-1 knockdown cells
by RNA interference. Caveolin-1 is a scaffolding protein of
caveolae, promoting interactions between G�q and G-protein
coupled receptors. Therefore, mastoparan-induced inhibition
of Gq-signaling is similar to the case in knockdown of caveo-
lin-1. The similar observations was reported when lipid rafts
were disrupted by treatment of cells with M�CD (Pike and
Miller, 1998). As shown in Fig. 3A, mastoparan also affected
the localization of G�s and G�i as well as G�q/11, suggesting
that the effect of mastoparan on lipid rafts has not been
limited to a specific G-protein. Thus, these actions of masto-
paran are independent of the direct activation of G�i. Several
reports indicate that mastoparan shows biological activities
without the direct activation of Gi/o reported by Higashijima
et al. (1988), such as the inhibition of [3H]inositol phosphate
accumulation by bradykinin (Nakahata et al., 1996), the
activation of phospholipase D (Mizuno et al., 1995), and the
inhibition of the action of calmodulin (Ohki et al., 1991). The

elucidation of the molecular mechanism of mastoparan ac-
tion in lipid rafts may enable us to explain the mechanisms of
diverse actions of mastoparan that have not yet been under-
stood in detail. A modification of proteins by the covalent
attachment of myristic acid and palmitic acid is one of the
mechanisms that proteins accumulate in lipid rafts (Melko-
nian et al., 1999). It is expected that long-chain saturated
fatty acids are inserted into lipid rafts with high affinity,
allowing the accumulation of the protein in lipid rafts. For
the example, acylated G� mainly localizes in lipid rafts (Oka-
moto et al., 1998). Thus, the lipid rafts, where sphingoglyco-
lipids and cholesterols are accumulated by van der Waals
force and hydrogen bond, are important for sorting of signal-
ing molecules (Brown, 1998; Rietveld and Simons, 1998). The
treatment of cells with mastoparan resulted in the change of
the localization of some proteins, such as G�q/11 and G�,
decreasing the content of cholesterol in lipid rafts (Fig. 3A
and 5), suggesting that the change in the component of lipid
rafts by mastoparan may cause the decrease of hydrophobic
interactions within lipid raft molecules followed by the
change in the localization of signaling molecules. The influ-
ence of mastoparan on the localization of molecules in lipid
rafts was different in each molecule. This difference might
possibly be due to the manner of each protein in its interac-
tion with lipid rafts. Hughes et al. (2001) showed that mem-

Fig. 8. Mastoparan-induced cytotoxicity and its attenuation by neur-
aminidase. PC-12 cells were suspended in the modified Tyrode’s solution
at the concentration of 106/ml. A, cells were incubated with mastoparan
at the indicated concentration for 15 min and centrifuged. LDH activity
in supernatants after centrifugation was measured as described under
Materials and Methods. *, significant difference from without mastopa-
ran (P � 0.05). B, cells were preincubated with 0.3–3 mU of neuramini-
dase at 37°C for 15 min, then incubated with 10 �M mastoparan for 15
min. The data are mean � S.E. of six experiments. *, significant differ-
ence between mastoparan alone and mastoparan plus neuraminidase
(P � 0.05).

Fig. 9. Inhibition of mastoparan-induced cytotoxicity by gangliosides. A,
PC-12 cells at the concentration of 106/ml in modified Tyrode’s solution
were preincubated with various concentrations of ganglioside mixtures or
sialic acid for 15 min, and they were incubated with mastoparan (MP, 10
�M) for 15 min. *, significant difference between MP alone and MP plus
ganglioside (P � 0.05). B, inhibition of MP (10 �M)-induced cytotoxicity
by GM1 (F), GD1a (E), GD1b (f), GT1b (�), asialo-GM1 (Œ), and GQ1b
(‚). The data are mean � S.E. of six experiments. *, significant difference
from without gangliosides (P � 0.05).
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brane-associated G�q did not change the distribution upon
activation. In fact, the stimulation of P2Y2 receptor by UTP
had no influence on G�q distribution (Fig. 3B). Although we
have shown that mastoparan releases G�q from lipid rafts in
the plasma membranes, the kinds of mechanisms involved in
the release remain unknown. Thus, because we do not yet
know the exact mechanism by which mastoparan changes
the localization of these molecules, more detailed study is
required for the elucidation of this mechanism.

Gangliosides are glycolipids composed of sphingolipid cer-
amide and oligosaccharide with one or more sialic acid resi-
dues, and they are highly expressed in membranes of neuro-
nal cells of brain. Gangliosides are also known to participate
in various physiological functions, such as cell proliferation,
differentiation, and signal transduction (Mitsuda et al.,
2002). Because the pretreatment of cells with gangliosides or
neuraminidase attenuated the cytotoxicity of mastoparan in
the present study, it is suggested that mastoparan initially
binds to gangliosides in lipid rafts and then causes a variety
of actions (Figs. 7 and 8). It has been reported previously that
histamine release induced by mastoparan in mast cells was
inhibited by the pretreatment of cells with neuraminidase
(Mousli et al., 1989), although it is believed that mastoparan-
induced histamine release is mediated via pertussis toxin-
sensitive G protein (Gi/o). Because M�CD causes cytotoxicity
by removing cholesterol from plasma membranes, mastopa-
ran-induced cytotoxicity might be also caused by a decrease
of cholesterol in lipid rafts. Cholesterol is important in the
formation of lipid rafts, and the decrease of cholesterol in
lipid rafts is one of the reasons for mastoparan-induced
change in the localization of signaling molecules. Although
mastoparan caused cytotoxicity and inhibition of PI hydroly-
sis through separate mechanisms, the binding of mastoparan
to gangliosides might cause a decrease of cholesterol in lipid
rafts, resulting in the cytotoxicity as well as the inhibition of
PI hydrolysis through the release of G�q protein.

Mastoparan is an amphipathic peptide with four positive
charges, three Lys residues and a terminal amino group.
When mastoparan is bound to a phospholipid bilayer, the
C-terminal 12 residues of mastoparan form �-helix structure
with three Lys residues’ positively charged hydrophilic side
chains located on one side and with hydrophobic side chains
on the other side (Wakamatsu et al., 1992). Taken in the light
of the conformation of mastoparan in lipid bilayers, the elec-
trostatic interaction between Lys residue side of mastoparan
and gangliosides on cell surface is suggested as the first step
of cell recognition, and then the hydrophobic side enters into
the phospholipid bilayer. The analysis of mastoparan analogs
showed that the change of amphiphilicity also changed the
activity of GDP/GTP exchange activation (Jones and Howl,
2004), showing that amphipathic character of mastoparan
may be essential for binding to cell membranes by means of
the mechanism described above. Furthermore, we examined
the difference in inhibitory effects of various kinds of gan-
gliosides on cytotoxicity of mastoparan. The order of inhibi-
tory potency of gangliosides was GT1b � GD1b � GD1a �
GM1 �� GQ1b (Fig. 8B). Asialo-GM1 and sialic acid were
inactive. GQ1b, which has four sialic acid residues, showed a
lower inhibitory potency than other gangliosides that have
one to three sialic acid residues, suggesting that the number
of sialic acid of gangliosides does not correlate with the in-
hibitory potency of gangliosides to mastoparan action. Gan-

gliosides have the structure of ceramide-Glc-Gal-Gal-NAc-
Gal, and sialic acid binds to Gal, which is the second or fourth
sugar residue from ceramide. In comparing the binding man-
ners of sialic acid residues to ceramide with the inhibitory
potency, the increased number of sialic acids that bind to
second Gal are likely to enhance the inhibitory potency,
whereas the excessive number of sialic acids bound to the
fourth Gal may decline the inhibitory potency. Thus, it is
possible that the Lys residue side of mastoparan interacts
with sialic acids bound to the second Gal. If a number of sialic
acids that bind to the second Gal are increased, the electro-
static interaction between mastoparan and gangliosides is
increased and mastoparan binds strongly to gangliosides. On
the other hand, when the number of sialic acids that bind to
the fourth Gal is increased, mastoparan binds to gangliosides
weakly because of the repulsion between sialic acid residues
(hydrophilicity) and hydrophobic side of mastoparan. To
prove this hypothesis, further study is required using several
kinds of gangliosides. We examined mastoparan-induced cell
cytotoxicity not only in PC-12 cells but also in 1321N1 human
astrocytoma cells, showing that the cytotoxic sensitivity of
1321N1 cells to mastoparan is approximately one third that
of PC-12 cells (J. Sugama and N. Nakahata, unpublished
observations). It is necessary to examine the composition of
gangliosides between PC-12 cells and 1321N1 cells to clarify
the reasons for the different sensitivity of mastoparan to both
cell lines. Because both of mastoparan’s effects, the inhibition
of Gq signaling and the cytotoxicity, are attenuated by gan-
gliosides and neuraminidase, it is interesting to clarify the
molecular mechanisms of these effects in the future.

In conclusion, mastoparan initially binds to sialic acids of
gangliosides in lipid rafts; then it changes the components of
lipid rafts followed by the decrease of some signaling mole-
cules in lipid rafts, such as G�q/11 and G�, by changing their
localization in lipid rafts. It is predicted that mastoparan,
using such a mechanism, inhibits G�q-mediated phosphoino-
sitide hydrolysis. This is the first demonstration of the lipid
raft-mediated mechanism of mastoparan action.

References
Bhatnagar A, Sheffler DJ, Kroeze WK, Compton-Toth B, and Roth BL (2004) Caveo-

lin-1 interacts with 5-HT2A serotonin receptors and profoundly modulates the
signaling of selected G�q-coupled protein receptors. J Biol Chem 279:34614–
34623.

Brown DA and Rose JK (1992) Sorting of GPI-anchored proteins to glycolipid-
enriched membrane subdomains during transport to the apical cell surface. Cell
68:533–544.

Brown RE (1998) Sphingolipid organization in biomembranes: what physical studies
of model membranes reveal. J Cell Sci 111:1–9.

Chatterjee C and Mukhopadhyay C (2002) Melittin-GM1 interaction: a model for a
side-by-side complex. Biochem Biophys Res Commun 292:579–585.

Erb L, Liu J, Ockerhausen J, Kong Q, Garrad RC, Griffin K, Neal C, Krugh B,
Santiago-Perez LI, Gonzalez FA, et al. (2001) An RGD sequence in the P2Y2
receptor interacts with �v�3 integrins and is required for Go-mediated signal
transduction. J Cell Biol 153:491–501.

Foster LJ, De Hoog CL, and Mann M (2003) Unbiased quantitative proteomics of
lipid rafts reveals high specificity for signaling factors. Proc Natl Acad Sci USA
100:5813–5818.

Gil J, Higgins T, and Rozengurt E (1991) Mastoparan, a novel mitogen for Swiss 3T3
cells, stimulates pertussis toxin-sensitive arachidonic acid release without inositol
phosphate accumulation. J Cell Biol 113:943–950.

Higashijima T, Uzu S, Nakajima T, and Ross EM (1988) Mastoparan, a peptide toxin
from wasp venom, mimics receptors by activating GTP-binding regulatory proteins
(G proteins). J Biol Chem 263:6491–6494.

Hirai Y, Yasuhara T, Yoshida H, Nakajima T, Fujino M, and Kitada C (1979) A new
mast cell degranulating peptide “mastoparan” in the venom of Vespula lewisii.
Chem Pharm Bull (Tokyo) 27:1942–1944.

Hirata Y, Atsumi M, Ohizumi Y, and Nakahata N (2003) Mastoparan binds to
glycogen phosphorylase to regulate sarcoplasmic reticular Ca2� release in skeletal
muscle. Biochem J 371:81–88.

Hirata Y, Nakahata N, and Ohizumi Y (2000) Identification of a 97-kDa mastoparan-

Mastoparan Affects Cellular Signaling in Lipid Rafts 1473



binding protein involving in Ca2� release from skeletal muscle sarcoplasmic re-
ticulum. Mol Pharmacol 57:1235–1242.

Hughes TE, Zhang H, Logothetis DE, and Berlot CH (2001) Visualization of a
functional G�q-green fluorescent protein fusion in living cells. Association with the
plasma membrane is disrupted by mutational activation and by elimination of
palmitoylation sites, but not be activation mediated by receptors or AlF4

�. J Biol
Chem 276:4227–4235.

Ikonen E and Parton RG (2000) Caveolins and cellular cholesterol balance. Traffic
1:212–217.

Janes PW, Ley SC, Magee AI, and Kabouridis PS (2000) The role of lipid rafts in T
cell antigen receptor (TCR) signalling. Semin Immunol 12:23–34.

Jones S and Howl J (2004) Charge delocalisation and the design of novel mastoparan
analogues: enhanced cytotoxicity and secretory efficacy of [Lys5,Lys8,Aib10]MP.
Regul Pept 121:121–128.

Martens JR, Navarro-Polanco R, Coppock EA, Nishiyama A, Parshley L, Grobaski
TD, and Tamkun MM (2000) Differential targeting of Shaker-like potassium
channels to lipid rafts. J Biol Chem 275:7443–7446.

Melkonian KA, Ostermeyer AG, Chen JZ, Roth MG, and Brown DA (1999) Role of
lipid modifications in targeting proteins to detergent-resistant membrane rafts.
Many raft proteins are acylated, while few are prenylated. J Biol Chem 274:3910–
3917.

Menezes ME, Roepe PD, and Kaback HR (1990) Design of a membrane transport
protein for fluorescence spectroscopy. Proc Natl Acad Sci USA 87:1638–1642.

Millar JS, Anber V, Shepherd J, and Packard CJ (1999) Sialic acid-containing
components of lipoproteins influence lipoprotein-proteoglycan interactions. Ath-
erosclerosis 145:253–260.

Mitsuda T, Furukawa K, Fukumoto S, Miyazaki H, and Urano T (2002) Overexpres-
sion of ganglioside GM1 results in the dispersion of platelet-derived growth factor
receptor from glycolipid-enriched microdomains and in the suppression of cell
growth signals. J Biol Chem 277:11239–11246.

Mizuno K, Nakahata N, and Ohizumi Y (1995) Mastoparan-induced phosphatidyl-
choline hydrolysis by phospholipase D activation in human astrocytoma cells. Br J
Pharmacol 116:2090–2096.

Mousli M, Bronner C, Bueb JL, Tschirhart E, Gies JP, and Landry Y (1989) Activa-
tion of rat peritoneal mast cells by substance P and mastoparan. J Pharmacol Exp
Ther 250:329–335.

Nabi IR and Le PU (2003) Caveolae/raft-dependent endocytosis. J Cell Biol 161:673–
677.

Nakahata N, Abe MT, Matsuoka I, and Nakanishi H (1990) Mastoparan inhibits
phosphoinositide hydrolysis via pertussis toxin-insensitive G-protein in human
astrocytoma cells. FEBS Lett 260:91–94.

Nakahata N, Imata K, Okawa T, Watanabe Y, Ishimoto H, Ono T, Ohizumi Y, and
Nakanishi H (1996) Mastoparan elicits prostaglandin E2 generation and inhibits
inositol phosphate accumulation via different mechanisms in rabbit astrocytes.
Biochim Biophys Acta 1310:60–66.

Nakahata N, Ishimoto H, Mizuno K, Ohizumi Y, and Nakanishi H (1994) Dual effects
of mastoparan on intracellular free Ca2� concentrations in human astrocytoma
cells. Br J Pharmacol 112:299–303.

Nishio M, Fukumoto S, Furukawa K, Ichimura A, Miyazaki H, Kusunoki S, and
Urano T (2004) Overexpressed GM1 suppresses nerve growth factor (NGF) signals

by modulating the intracellular localization of NGF receptors and membrane
fluidity in PC12 cells. J Biol Chem 279:33368–33378.

Oh P and Schnitzer JE (2001) Segregation of heterotrimeric G proteins in cell surface
microdomains. Gq binds caveolin to concentrate in caveolae, whereas Gi and Gs
target lipid rafts by default. Mol Biol Cell 12:685–698.

Ohki SY, Yazawa M, Yagi K, and Hikichi K (1991) Mastoparan binding induces
Ca2�-transfer between two globular domains of calmodulin: a 1H NMR study.
J Biochem (Tokyo) 110:737–742.

Okamoto T, Schlegel A, Scherer PE, and Lisanti MP (1998) Caveolins, a family of
scaffolding proteins for organizing “preassembled signaling complexes” at the
plasma membrane. J Biol Chem 273:5419–5422.

Pike LJ and Miller JM (1998) Cholesterol depletion delocalizes phosphatidylinositol
bisphosphate and inhibits hormone-stimulated phosphatidylinositol turnover.
J Biol Chem 273:22298–22304.

Rietveld A and Simons K (1998) The differential miscibility of lipids as the basis for
the formation of functional membrane rafts. Biochim Biophys Acta 1376:467–479.

Shadan S, James PS, Howes EA, and Jones R (2004) Cholesterol efflux alters lipid
raft stability and distribution during capacitation of boar spermatozoa. Biol Re-
prod 71:253–265.

Simons K and Ikonen E (1997) Functional rafts in cell membranes. Nature (Lond)
387:569–572.

Viola A, Schroeder S, Sakakibara Y, and Lanzavecchia A (1999) T lymphocyte
costimulation mediated by reorganization of membrane microdomains. Science
(Wash DC) 283:680–682.

Wakamatsu K, Okada A, Miyazawa T, Ohya M, and Higashijima T (1992) Mem-
brane-bound conformation of mastoparan-X, a G-protein-activating peptide. Bio-
chemistry 31:5654–5660.

Wojcikiewicz RJ and Nahorski SR (1989) Phosphoinositide hydrolysis in permeabil-
ized SH-SY5Y human neuroblastoma cells is inhibited by mastoparan. FEBS Lett
247:341–344.

Wu C, Butz S, Ying Y, and Anderson RG (1997) Tyrosine kinase receptors concen-
trated in caveolae-like domains from neuronal plasma membrane. J Biol Chem
272:3554–3559.

Yamashita T, Yamaguchi T, Murakami K, and Nagasawa S (2001) Detergent-
resistant membrane domains are required for mast cell activation but dispensable
for tyrosine phosphorylation upon aggregation of the high affinity receptor for IgE.
J Biochem (Tokyo) 129:861–868.

Yokokawa N, Komatsu M, Takeda T, Aizawa T, and Yamada T (1989) Mastoparan,
a wasp venom, stimulates insulin release by pancreatic islets through pertussis
toxin sensitive GTP-binding protein. Biochem Biophys Res Commun 158:712–716.

Zitzer A, Zitzer O, Bhakdi S, and Palmer M (1999) Oligomerization of Vibrio cholerae
cytolysin yields a pentameric pore and has a dual specificity for cholesterol and
sphingolipids in the target membrane. J Biol Chem 274:1375–1380.

Address correspondence to: Dr. Norimichi Nakahata, Department of
Cellular Signaling, Graduate School of Pharmaceutical Sciences, Tohoku
University, Aoba 6-3, Aramaki, Aoba-ku, Sendai, Japan 980-8578. E-mail:
nakahata@mail.pharm.tohoku.ac.jp

1474 Sugama et al.


