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ABSTRACT: Lysenin is a pore-forming toxin that specifically binds sphingomyelin (SM). The binding of
the toxin to the membrane is accompanied by the oligomerization of the protein, leading to pore formation.
The interaction of lysenin with SM is affected by the presence of other lipids found in the plasma membrane.
Although a previous study showed that SM/cholesterol liposomes were 10,000 times more effective than
SM liposomes in inhibiting lysenin-induced hemolysis (Yamaiji, A., Sekizawa, Y., Emoto, K., Sakuraba,
H., Inoue, K., Kobayashi, H., and Umeda, M. (1998Biol. Chem. 2735300-5306), the role of cholesterol

is not precisely clarified. In the present study, we examined the effects of the presence of cholesterol in
the SM membrane on the inhibition of hemolysis, the binding of lysenin to SM, and the oligomerization
of lysenin. The addition of cholesterol to SM liposomes dramatically inhibited lysenin-induced hemolysis
as described previously. However, the presence of cholesterol did not affect the binding of lysenin to SM
liposomes. The oligomerization of lysenin was facilitated by the presence of cholesterol in SM liposomes.
The oligomerization of lysenin was also dependent on the SM/lysenin ratio, that is, the amount of lysenin
oligomer was increased with the decrease in the SM/lysenin ratio. When the SM/lysenin molar ratio was
high, lysenin associated with the membrane as a monomer, which was able to transfer to the erythrocyte
membrane. Our results indicate that both cholesterol and the SM/lysenin ratio control the amount of lysenin
monomer via altering the state of protein oligomerization, thus affecting hemolysis.

Pore-forming toxins are found in a wide range of organ- ting indicate that lysenin specifically recognizes sphingo-
isms, including bacteria, plants, fungi, and animals. Most myelin (SMY) (7) and that SM-containing liposomes
pore-forming toxins induce cytolysis by a multistep mecha- specifically inhibit lysenin-induced hemolysis)( After
nistic process that involves binding to the membrane, binding to SM, lysenin assembles into SDS-resistant oligo-
oligomerization by proteirprotein interaction, and pore mers with an apparent molecular weight greater than 250,-
formation by insertion of the proteins into the membrane. 000 by SDS-PAGE @). The oligomerization was accom-
They often exist as a stable water-soluble monomer in panied by pore formation in target membranes. The diameter
solution and form an integral membrane pore after bind- of the pore induced by lysenin was approximately 3 nm, as
ing to the membrane followed by oligomerization. In studied by the osmotic protection of hemolysis and negative
order to convert from the water-soluble form to the mem- staining electron microscopy8). A truncated lysenin
brane form, the toxins undergo substantial conformational mutant, which lacks the N-terminal 160 amino acids, does
changes 1—3). neither oligomerize nor Kill cells. This result supports the

Lysenin is a pore-forming toxin derived from the coelomic idea that oligomerization is a prerequisite for the toxicity of
fluid of E. foetida(4, 5). The lysenin polypeptide chain is lysenin Q).

297 amino acids long with a calculated molecular weight of  The interaction of lysenin with SM is affected by the
33,440 ). Its apparent molecular weight is 41,000 by SDS  presence of other lipids found in the plasma membrane.
PAGE. Lipid-binding analysis using ELISA and TLC blot-  Recently, we have shown that the presence of glycosphin-
golipids inhibit the binding of lysenin to SM1Q). This is
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binding of lysenin. Previously, it was shown that SM/ A
cholesterol liposomes were 10,000 times more effective than 100
SM liposomes in inhibiting lysenin-induced hemolysB. (
Surface plasmon resonance measurements revealed that the
dissociation constant of the binding of lysenin to SM was
not significantly altered by the presence of cholesterol in
the membrane 7). The reason for the huge difference
observed between SM/cholesterol and SM liposomes is not
clarified, although difference in the binding of lysenin to 20
these liposomes is suggested.

In this study, we examined the effects of the presence of ‘ : ,
cholesterol in the SM membrane on the inhibition of 10" 10! 103 108 107
hemolysis, the binding of lysenin to SM, and the oligomer-
ization of lysenin. The addition of cholesterol to SM
liposomes effectively inhibited lysenin-induced hemolysis.
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However, the presence of cholesterol had no effect on the B 100}

binding of lysenin to SM liposomes. The oligomerization

of lysenin was facilitated by both the low SM/lysenin ratio 80l

and the presence of cholesterol in SM membranes. When <

the SM/lysenin molar ratio was high, lysenin associated with = 60}

membranes as a monomer, which is able to be transferred 2

to the erythrocyte membrane. The present results indicate 2 401

that both cholesterol and the SM/lysenin ratio control the £ |

amount of the lysenin monomer via altering the state of 20

protein oligomerization, thus affecting hemolysis. ol &

MATERIALS AND METHODS 102 100 102 104 108
Materials. Lysenin and anti-lysenin antiserum were pur- SMilysenin ratio

chased from Peptide Institute, Inc. (Osaka, Japan). EggFicure 1: Cholesterol-containing liposomes efficiently inhibit
sphingomyelin (SM), dioleoylphosphatidylcholine (DOPC) |y_SEﬁnll_n-lnduced FSGLT\?B)/S'S- InA, |3§»eff"gl(‘0-x3gw Vt\:a-? prt'elnclu(kiated
i A e with liposomes s) composed 0 cholesterol (1:
and 1,2-dioleoykn-glycero-3-phosphoethanolamihelis 1) (0), SM/IDOPC (1:4) M), or SM/DOPClcholesterol (1:4:1.5)
samine rhodamine B sulfonyl) (rhodamine-PE) were pur- ) The mixtures were incubated with sheep erythrocytes: (3
chased from Avanti Polar Lipids (Alabaster, AL). More than 107cells/mL) for 30 min at 37°C. In B, lysenin (0.3 nM) was
80% of the amide-linked fatty acid in egg SM is palmitic incubated with liposomes (SUVs) composed of SM/DOPC (1:4)
acid, according to the manufacturer. Cholesterol was pur- without cholesterol @) or with 10% (SM/DOPC/cholesterol, 1:4:

. . 0.5) (), 20% (SM/IDOPC/cholesterol, 1:4: W), 30% (SM/DOPC/
chased from Sigma (St. Louis, MO). Sheep whole blood was ., ojetarol 1:2:1.517), 40% (SM/IDOPClcholesterol, 1:4:2)];

purchased from Nippon Bio-Supply Center (Tokyo, Japan). or 509 cholesterol (SM/DOPC/cholesterol, 1:4:2.8) and then
Measurement of Hemolysidhe hemolytic activity of incubated with sheep erythrocytesx3107cells/mL) for 30 min at
i i 37 °C. Hemolytic activities were measured as described under
lysenin Wﬁs dmer:tjsured asddggcrll__,bg)sj (_IS_heepferythrc;lcytesl . Materials and Methods. The data are representative of two
yvere_v_vas ed and suspenade 'n_ : oper_ orma emo_ys'§ndependent experiments yielding similar results.
inhibition assay, 0.3 nM lysenin was preincubated with

various concentrations of liposomes for 30 min at room |ipid binding experiments. LUVs were prepared by extrusion
temperature and then further incubated with erythrocyte through polycarbonate filters with 0im pore size (Nucle-
Suspension (3( 10 Ce”S/mL) for 30 min at 37C. Small pore, Maidstone, UK) 30 times using a two-syringe
unilamellar vesicles (SUVs) were prepared by sonication of extruder. In order to measure the phospholipid concentration
multilamellar vesicles. After centrifugation of the mixtures of liposomes, lipids were extracted from aliquots of liposome
at 50@ for 5 min, the absorbance of the supernatant was solution by the method of Bligh and Dyet1). Phosphorus
assayed at 405 nm. Then, 100% lysis was determined bycontent was determined by the method of Rouser eld), (
measuring the absorbance of the supernatant obtained fronysing KH,PO, as a standard.
the cells after freezing and thawing. Detection of SDS-Resistant Lysenin Oligomer by SDS
Isothermal Titration Calorimetry.lsothermal titration PAGE.Lysenin was incubated with various concentrations
calorimetry (ITC) was performed using a MicroCal VP-ITC of liposomes (SUVs) for 30 min at room temperature. The
high sensitivity titration calorimeter (MicroCal, Northampton, mixture was incubated in SDS sample buffer containing
MA) as described 10). Solutions were degassed under 2-mercaptoethanol for 5 min at & and then applied to
vacuum prior to use. The calorimeter was calibrated electri- SDS-PAGE (7.5% or 8% gel) under denatured conditions.
cally. Lysenin (4.8uM) was titrated with~5 mM large The proteins were detected either by silver staining, SYPRO
unilamellar vesicles (LUVS). Injection volume wasu, Ruby (Invitrogen, Madison, WI), or Western blotting using
and the reaction cell was 1.4 mL. The heats of dilution were anti-lysenin antibodies.
determined in control experiments by injecting the lipid Liposome Binding Assay Using Gel FiltratioWarious
suspension into buffer. The heats of dilution were subtracted concentrations of lysenin were incubated with SUV (1 mM
from the heats determined in the corresponding lysenin phospholipids) containing 0.1% rhodamine-PE for 30 min
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Ficure 2: Cholesterol does not affect the thermodynamic interaction of lysenin with SM-containing liposomes. Lysenin was titrated with
LUVs composed of SM/DOPC (1:4) or SM/DOPC/cholesterol (1:4:1.5). The concentration of the protein in the reaction cellaivhs 4.8

The total phospholipid concentration wa$ mM. The concentration of SM was 0.95 mM in SM/DOPC (1:4) and 0.96 mM in SM/DOPC/
cholesterol (1:4:1.5). Each peak corresponds to the injectionutf @ lipid suspension into the reaction celldell = 1.4 mL). Isothermal

titration calorimetry (ITC) was performed as described under Materials and Methods. Buffer: 20 mM Hepes-NaOH at pH 7.5 and 150 mM
NaCl. Temperature: 25C.

Table 1: Cholesterol Alters Neither the Stoichiometry Nor the kD2 s s i s ooy s gten M - = |
Thermodynamic Parameters of the Interaction of Lysenin and SM  s50m-
N AHo 150 W
(SM/lysenin)  (kcal/mol SM) 100m
SM/DOPC (1:4) 5.9 —4.3 750
SM/DOPC/cholesterol (1:4:1.5) 6.0 —4.4

at room temperature. Liposome-bound lysenin was separatec e
from free lysenin by gel filtration as previously described a7pfec —— e
(13), with a minor modification. Mini columns were filled !

with 1.5 mL of Bio-Gel A-15m Gel (Bio-Rad, Hercules, CA)

equilibrated with PBS. After applying the reaction mixtures LSSSFPPLESSSEPPL 5
(22 uL), 500 uL of PBS was added to the column and & § & v § & v v §°’§
centrifuged at 200 rpm for 2 min at room temperature. The _§ @

(o]

obtained fraction contained ne.ither Iiposomes nor |ysenin. IS SM/DOPC SM/DOPC/Chol
Then, 800uL of P_BS was aPp"ed_ to the_ column,_ and the Ficure 3: SM/lysenin ratio and the presence of cholesterol affect
column was centrifuged again. This fraction contained more the oligomerization of lysenin. Lysenin (62.5 nM) was incubated
than 90% of liposomes as monitored by the fluorescence of with SM/DOPC (1:4) or SM/DOPC/cholesterol (1:4:1.5) SUVs at
rhodamine-PE and thus taken as the bound fraction. Next,;/(?rriggsmsir'l\/'g%’?ggm :2%336(%?&?20%?15%3( tld?gso'wzed;g ;?B'grc]tde g-?g
800uL was taken as the }anpund fraction because Iysgnln SDS-PAGE followed bypsilver staining. The lysenin oligorrj1er and
was reCO\_/ered in this fraction in the absence of SM. Fractions . onomer are indicated by the thin arrow and thick arrow,
were subjected to SDSPAGE, followed by SYPRO Ruby  respectively.
staining. For quantification of the protein, the intensity of ) ) ) ) ) )
stained lysenin was measured using Typhoon 9410 (GE Circular chhrosm.Clrcular dichroism (CD) spectra of
Healthcare, Piscataway, NJ) and analyzed by ImageQuant #M lysenin in PBS were measured on a JASCO J-820
(Molecular Dynamics). spectrometer (Jasco Corp., Tokyo, Japan)giaih mmpath
Stepwise Sucrose Density Gradient Centrifugatloys- Igngth quartz cell at room temperature. The spectra of the
enin was incubated with various SUVs for 30 min at room IPosome (SUVs) alone were obtained and subtracted from
temperature. Then, 0.5 mL of the suspension was mixed with th€ spectra of the toxin in the presence of liposomes (0.5
1 mL of 2.1 M sucrose in 10 mM Hepes (pH 7.4) and 100 mM phospholipids). Each CD spectrum represents the
mM NaCl (pH 7.4), loaded at the bottom of an ultracentrifuge average of 15 scans.
tube, and overlaid sequentially with 1.5 mL of 1.2 M sucrose RESULTS
and 1.5 mL of 0.8 M sucrose. The gradient was centrifuged
for 20 h at 20°C using a Beckman Coulter Optima TM Addition of Cholesterol to SM Liposomes Efficiently
MAX-E ultracentrifuge. Fractions (0.6 mL each) were Inhibits Lysenin-Induced Hemolysikysenin induces the
collected and subjected to Western blotting. lysis of red blood cells from various animal speciés The
Tryptophan Fluorescencelryptophan fluorescence of  susceptibility of erythrocytes to lysenin is different among
lysenin was measured using a FP-6500 spectrofluorometeranimals, and sheep erythrocytes display the highest sensitiv-
equipped with a thermostatic cell holder (Jasco, Tokyo, ity, presumably because of the high content of sphingomyelin
Japan). Lysenin (0.1aM) was incubated with liposomes (SM) in these cells. Preincubation of lysenin with SM-
(SUVs, 90uM phospholipids) in PBS for 30 min at room  containing liposomes inhibit lysenin-induced hemolysis.
temperature. Fluorescence intensity was then measured aPreviously, Yamaji et al. showed that SM/cholesterol lipo-
25 °C with an excitation wavelength at 280 nm. somes inhibited hemolysis 10,000 times more effectively than
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Ficure 4: Cholesterol does not affect the binding of lysenin to SM-containing liposomes. Various concentrations of lysenin were incubated
with SUVs (1 mM phospholipids) of SM/DOPC (1:4) or SM/DOPC/cholesterol (1:4:1.5) containing 0.1% rhodamine-PE for 30 min at
room temperature. The mixtures were then applied to gel filtration columns to separate the membrane-bound lysenin from the free form.
The bound and unbound fractions were collected as described under Materials and Methods. Each fraction was subject&ABEDS

followed by SYPRO Ruby staining. The recovery of liposomes was calculated by measuring the fluorescence intensity of rhodamine-PE.
(A) SDS-PAGE profile at an SM/lysenin ratio of 200. The lysenin oligomer is indicated by the arrow. (B) Quantitation results of the
binding of lysenin to SM/DOPC (filled bar) and SM/DOPC/cholesterol (open bar) liposomes at different SM/lysenin ratios. Membrane-
bound lysenin was quantitated as described under Materials and Methods. The results are the average of three independent experiments.

SM liposomes. In Figure 1A, we examined the effect of the sure lipid—protein interactions in suspension. In the present
addition of cholesterol in SM liposomes on the inhibition of = study, we examined the interaction of lysenin with liposomes
lysis of sheep erythrocytes. Lysenin was preincubated with employing ITC. Figure 2 illustrates the titration of lysenin
various concentrations of liposomes for 30 min at room solution with SM/DOPC (1:4) vesicles. During the first seven
temperature, and the mixtures were added to erythrocyteinjections, each addition of lipid to lysenin solution caused
suspensions (3« 10’ cells/mL) followed by 30 min of a significant exothermic reaction. The reaction enthalpy
incubation at 37C. The results are displayed as a function suddenly dropped off at the eighth injection. The presence
of the SM/lysenin ratio. As reported), SM/cholesterol (1: of cholesterol in the liposomes did not alter the shape of the
1) and SM/DOPC/cholesterol (1:4:1.5) liposomes inhibited titration curve. Reaction enthalpy and stoichiometry were
hemolysis more efficiently than SM and SM/DOPC (1:4) calculated from the titration profile and amounts of protein
liposomes. and lipids employed. The calculated reaction enthalpy per
In Figure 1B, we examined the effect of the concentration Mol of SM and stoichiometry (the SM/lysenin ratio) are
of cholesterol on the inhibition of hemolysis using SM/DOPC shown in Table 1. In the interaction between lysenin and
(1:4) liposomes containing various amounts of cholesterol. SM/DOPC, the reaction enthalpy wast.3 kcal/mol SM,
Whereas SM/DOPC liposomes did not inhibit hemolysis and the SM/lysenin ratio was 5.9. The presence of cholesterol
under these conditions, the addition of 10% cholesterol to did not significantly alter the stoichiometry or thermody-
the liposomes efficiently inhibited lysis. 20% cholesterol was namic parameters of Stysenin complex formation; the
more effective, but further increase of cholesterol in lipo- reaction enthalpy was4.4 kcal/mol SM, and the SM/lysenin
somes gave results similar to that of 20% cholesterol ratio was 6.0. Our results suggest that the observed effect of

liposomes. cholesterol on hemolysis is not caused by the altered binding
Cholesterol Does Not Affect the Thermal Interaction of ©f lysenin to SM.
Lysenin with SM-Containing Membranessing surface Both Cholesterol and the SM/Lysenin Ratio Affect the

plasmon resonance, previously it was shown that the Oligomerization of LyseninAfter binding to SM, lysenin
incorporation of cholesterol into the SM membranes in- undergoes oligomerization in SM membran8s Ve next
creased the amount of lysenin bound to the membrane almosexamined whether cholesterol affects the oligomerization of
three times 7). It is proposed that the different effects of lysenin. Because lysenin assembles to the SDS-resistant
SM liposomes and SM/cholesterol liposomes on hemolysis oligomer in the presence of SM)( the oligomerization of
are partly because of this different binding of lysenin to the lysenin is monitored by the formation of large molecular
membranes. In surface plasmon resonance analysis, theveight clusters of the protein on SB®AGE. In Figure 3,
binding of lysenin to immobilized lipids was measured under the effect of cholesterol on the oligomerization of lysenin
constant flow of protein. The organization of immobilized was monitored at different SM/lysenin ratios, using SM/
lipids in this system is not well characterized. Using DOPC (1:4) and SM/DOPC/cholesterol (1:4:1.5) liposomes.
isothermal titration calorimetry (ITC), it is possible to mea- When the SM/lysenin ratio was very high (30,000), oligo-



Cholesterol Controls Lysenin Oligomerization Biochemistry, Vol. 46, No. 6, 200701499

merization was not significantly observed in SM/DOPC A 0

liposomes. Oligomerization was facilitated by decreasing the

SM/lysenin ratio, and the majority of the protein was 2 soof

oligomerized when the SM/lysenin ratio was less than 240. §

In contrast, oligomerization was facilitated by SM/DOPC/ £ 400

cholesterol liposomes irrespective of the SM/lysenin ratio. 8 00l

Thus, the oligomerization of lysenin is facilitated by both §

low SM/lysenin ratios and the presence of cholesterol in the @ 200}

membrane. S
Cholesterol Does Not Affect the Binding of Lysenin to SM- = 100

Containing Membranedgsigure 2 suggests that the binding

of lysenin with SM-containing membranes is not affected 300 320 340 360 380 400
by the presence of cholesterol in the membrane. However,
the reaction energy observed in Figure 2 may be the sum of
the energy of binding and oligomerization. In Figure 4, we
directly measured the binding of lysenin to SM-containing
membranes. After the incubation of lysenin with SM/DOPC
or SM/DOPC/cholesterol liposomes at different SM/lysenin
ratios, membrane-bound lysenin was separated from free
lysenin by gel filtration using spin columns. Under this
condition, more than 90% of the liposomes were recovered
in the bound fractions, as monitored by the rhodamine-PE
incorporated into the membrane. The proteins in the bound
and unbound fractions were subjected to SIPAGE and
stained with SYPRO Ruby. In Figure 4A, almost all lysenin 3 . . . .
oligomers were recovered in the bound-fractions. In contrast, 200 210 220 230 240 250

no lysenin monomer was detected in the bound fractions. wavelength (nm)

The _Iysenin monomer was also not dgtec_:ted in the unb(-)undFlGURE 5: Cholesterol does not significantly alter the spectroscopic
fraction, presumably because of the dilution of this fraction. propertiés of lysenin in the presence of SM. (A) Lysenin (G

In Figure 4B, the binding of lysenin to liposomes was was incubated without (blue) or with SUVs (8 phospholipids)
examined at SM/lysenin ratios of 4320. The bound of SM/DOPC (1:4) (red) or SM/DOPC/cholesterol (1:4:1.5) (green)
fraction contained only oligomers of lysenin under these for 30 min at room temperature. The SM/lysenin ratio was 120.

it ; ; Fluorescence spectra were obtained with the excitation wavelength
Co.ndltlon.s (data r.]Ot. shown). Fluoregcence mtens[ty of at 280 nm. (B) Lysenin (M) was incubated without (blue) or
oligomerized lysenin in the bound fractions was quantitated ;i suys (0.5 mM phospholipids) of SM/DOPC (1:4) (red) or

(Figure 4B). The results indicate that cholesterol did not alter sM/DoOPC/cholesterol (1:4:1.5) (green) for 30 min at room tem-
the amounts of membrane-bound lysenin. Together with the perature. The SM/lysenin ratio was 50. The CD spectra were

results of ITC, these results suggest that cholesterol doegneasured as described in Materials and Methods.
not affect the binding of lysenin to SM-containing mem-

wavelength (nm)

w
w

ellipticity (mdeg)

branes. liposomes on the increase of tryptophan fluorescence of
Spectroscopic Properties of Lysenin Oligomers Are Similar lysenin were indistinguishable. In Figure 5B, the secondary
in SM/DOPC and SM/DOPC/Cholesterol Liposomkds structure of the lysenin oligomers was examined by measur-

possible that the lysenin oligomers are distinct between SM/ ing CD spectra in the far-UV region. A significant change
DOPC and SM/DOPC/cholesterol liposomes, and gel elec- in spectra occurred after the interaction of lysenin with SM-
trophoresis is not sensitive enough to detect these differencescontaining vesicles. The minimum of the negative ellipticity
In addition to SDS-PAGE, we tried native PAGE and was shifted to 217 nm. This is a characteristic featurg of
agarose gel electrophoresis. However, even under thesesheet 14), which is often observed ifi-pore-forming toxins
conditions, protein profiles were similar between lysenin (1, 3). Almost identical results were obtained in SM/DOPC
oligomers incubated with SM/DOPC and those incubated (1:4) and SM/DOPC/cholesterol (1:4:1.5) liposomes. The
with SM/DOPC/cholesterol (data not shown). In Figure 5, spectroscopic analyses suggest that the presence of choles-
we examined the effects of cholesterol on the spectroscopicterol does not significantly affect the secondary structure of
properties of lysenin oligomers by measuring tryptophan lysenin oligomers.

fluorescence and circular dichroism (CD) spectra. We Both Monomer and Oligomer Lysenin Associate with the
performed these experiments at SM/lysenin ratios 120 andSM-Containing Membran&Vhereas lysenin oligomers as-
50, respectively. Under these conditions, most of the lysenin sociate with membranes, the lysenin monomer observed in
molecules form oligomers, both in the presence and in the Figure 3 at high SM/lysenin ratios also could exist as the
absence of cholesterol. Lysenin contains six tryptophan membrane-bound form. We then investigated whether the
residues. In the presence of SM, the tryptophan fluorescencdysenin monomer associates with the SM-containing mem-
of the toxin increases, and the wavelength of maximum brane. In Figure 6, lysenin was incubated with SM/DOPC
emission undergoes a blue shi®),( indicating that the (1:4) SUVs with or without cholesterol at an SM/lysenin
migration of the tryptophan residues of lysenin to a less polar molar ratio of 10,000. After incubation, membrane-bound
environment. As shown in Figure 5A, the effects of SM/ lysenin was separated from free protein using a sucrose
DOPC (1:4) liposomes and SM/DOPC/cholesterol (1:4:1.5) density gradient. In this experiment, membranes were
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Ficure 6: Monomer lysenin associates with SM/DOPC liposomes. Lysening@lRwas incubated with SUVs (10 mM phospholipids)
composed of SM/DOPC (1:4) or SM/DOPC/cholesterol (1:4:1.5) for 30 min at room temperature. The SM/lysenin molar ratio was 10,000.
As a control, 0.2uM lysenin was incubated with SUVs (2 mM lipids) of DOPC. The mixtures were then subjected to sucrose gradient
centrifugation and fractionated. Each fraction was subjected to-$B&E followed by Western blotting using anti-lysenin antiserum.

The lysenin oligomer and monomer are indicated by the thin and thick arrows, respectively.

B appearance of the oligomer band suggests the transfer of the
lysenin monomer from the SM/DOPC membrane to the SM/
160l DOPC/cholesterol membrane.

In Figure 7B, membrane-bound lysenin was recovered
| after incubating with SM/DOPC and SM/DOPC/cholesterol
a m liposomes at an SM/lysenin ratio of 10,000. The recovered
2 fraction (corresponds to Figure 6, lane 1 in SM/DOPC and
§ 4o in SM/DOPC/Chol) was diluted and mixed with red blood

- cells. Only the monomer fraction induced hemolysis, sug-
gesting that the lysenin monomer but not the oligomer
or : transferred to erythrocytes. This explains why cholesterol-
0.0001 0.001 0.01 01 containing liposomes effectively inhibited lysenin-induced
12 dilution hemolysis (Figure 1). The present results suggest that the

FIGURE 7: Lysenin monomer associated with SM-containing presence of cholesterol in the SM membrane alters the
membrane is exchangeable. (A) Lysenin monomer (lane 1) recov- number of lysenin monomers responsible for hemolysis.
ered together with SM/DOPC liposomes in the top fraction of the

sucrose density gradient (Fr 1 in Figure 6, SM/IDOPC) was further piscuUsSION

incubated with SM/DOPC/cholesterol (1:4:1.5) liposomes (lane 2)

and subjected to SDSPAGE followed by Western blotting. The The present results indicate that both the low sphingomy-

lysenin oligomer and monomer are indicated by the arrow and _: : :
arrowhead, respectively. (B) Lysenin monomer or oligomer in the elin(SM)/lysenin ratio and the presence of cholesterol

top fraction in a flotation assay of Figure 6 was further incubated facilitate the oligomerization of lysenin. Oligomerization

with sheep erythrocytes (2 107cells/mL) for 30 min at 37°C, decreases the number of lysenin monomers that are able to
and hemolytic activities were measured as described under Materialshe transferred to the red blood cell membrane and cause
and Methods. @), preincubated with SM/DOPC (1:4);0f, hemolysis.

preincubated with SM/DOPC/cholesterol (1:4:1.5). In Figure 1, cholesterol-containing liposomes were much

recovered in the top fraction, whereas free protein remainedmore effective than SM or SM/DOPC liposomes to inhibit
at the bottom of the tube. Under this condition, most of the lysenin-induced hemolysis. These results may be explained
lysenin stayed as a monomer in the presence of SM/DOPCby the observation that the oligomerization of lysenin was
liposomes, whereas the protein oligomerized in SM/DOPC/ dependent both on the SM/lysenin ratio and on the presence
cholesterol liposomes. Both lysenin monomers and oligomersof cholesterol in the membrane and that the lysenin monomer
associated with the membranes. In contrast, lysenin did notbut not the oligomer was able to be transferred to added
associate with the membrane in the absence of SM. erythrocytes. The possible explanation is as follows: (1) The
Membrane-Associated Lysenin Monomer but Not the SM/lysenin ratio is less thatv100; most of the membrane-
Oligomer Is ExchangeableThe above results raise the bound lysenin molecules are oligomers. Because of the low
possibility that membrane-associated lysenin monomersconcentration of SM, free lysenin still remains in the mixture
transferred to erythrocyte membranes in Figure 1. To that induces hemolysis. (2) The SM/lysenin ratio~i$00—
examine this possibility, lysenin was incubated with the SM/ 10,000; lysenin oligomerizes in SM/cholesterol and SM/
DOPC membrane at an SM/lysenin ratio of 10,000 (Figure DOPC/cholesterol liposomes, whereas a considerable amount
7A). After the sucrose density gradient, the membrane-boundof lysenin remains as a membrane-bound monomer in SM
monomer (corresponds to Figure 6, lanel in SM/DOPC) was and SM/DOPC membranes. The membrane-bound monomer
recovered and further incubated in the presence of SM/is transferred to the erythrocytes and induces hemolysis.
DOPCl/cholesterol liposomes. The mixtures before (Figure Although the monomer/oligomer ratio of lysenin changes
7A, lane 1) and after (Figure 7A, lane 2) incubating with gradually by changing the SM/lysenin ratio (Figure 3), the
SM/DOPC/cholesterol were subjected to SEFFAGE. The liposome/lysenin mixture starts to display lytic inhibitory
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activity at narrow values of the SM/lysenin ratio (Figure 1). was affected by the amide-linked fatty acid composition of
This may be because hemolysis occurs when the accumulaSM (8). At 37 °C, lysenin oligomerizes irrespective of fatty
tion of lysenin exceeds a certain threshold. (3) The SM/ acid composition, whereas at°€, oligomerization occurs
lysenin ratio is more than £0most lysenin molecules exist only when the toxin is incubated with SM containing
as membrane-bound monomers. Under these conditionsunsaturated fatty acids. However, in the presence of choles-
hemolysis was inhibited by the competition for lysenin terol, SM with both saturated and unsaturated fatty acids
between erythrocytes and liposomes. promotes oligomerization of lysenin, even af@. These
Like lysenin,Staphylococcus aureus-hemolysin bound results suggest that the fluid membrane facilitates the
to membranes as a monomer (and/or unstable oligomer)oligomerization of lysenin, and the effect of cholesterol is
induces the hemolysis of added erythrocytes, whereasto fluidize SM containing saturated fatty acids. The present
oligomers do not 15). Recently, we have reported that study employed egg SM in which more than 80% of fatty
truncated lysenin composed of amino acids-18%7 binds acid is palmitic acid (C16:0). Thus, the present results suggest
SM but is not toxic 9). This mutant does not oligomerize that cholesterol facilitates the oligomerization of lysenin by
even in the presence of SM. Surface plasmon resonancdluidizing SM, and this decreases the number of lysenin
revealed that both toxic and nontoxic lysenins bind SM monomers in the liposomes, causing strong inhibition of
similarly. However, the nontoxic lysenin dissociates from hemolysis.
SM 100 times faster than the toxic forr@)( These results
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