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By use of carbox341uorescein-loaded multilamellar liposontes prepared from synthetic phosphatklylcholine (PC) or 
sphingomyelin and choleslerol in a molar ratio of 1:1, we studied whether or not fatty acyl domain of the 
phospholipids affects the membrane-damai~ng action (or channel formation) of S/~qJNy/oeoccus mmms alpha-toxin 
on the phosphelipid-cholesterol membranes. Our data iudicatech (1) that toxin.induced carboxyfluorescein-leahaae 
from the liposomes composed of saturated fatty aojI residue-carr~ng PC and cholesterol was decreased wiik 
increasing chain lenath of the acyl residues between 12 and 18 carbon atoms, althovWh toxin-bJndillqg to like 
liposomes was not sJpiflcantl~ affected by tbe length of fatty acyl residue; (2) that unsaturated fatty acyl residue in 
PC or sphinaomyelJn molecule conferred higher sensitivil}, to aipha-toxin on the pbospludipid-cbolesterol Npo- 
somes, compared with saturated fatty acTI residges; and (3) that h,~xame~zation of alpha-toxin, estimated i~ 
SDS-polyacrylamide gel electrophoresis, occurred more efficiently on the liposomes composed of 11(2 with skorJer 
fatty ucyl chain or unsaturated fatty ac~l chain. Thus, hydrephobic domain of the pbospholipids inllueuces 
membrane-channel formation of alpha.toxin in the phospholipid-cbolesterol membrane, perhaps by modul~nl i  
packing of phospholipid, cholesterol and the toxin in membrane. 

Introduction 

Staphylococcal alpha-toxin is a water-soluble. 33 kDa 
polypeptide secreted by most pathogenic Staphylococ-  

cus  aureus,  it is hemolytic, dermonccrotic and lethal 
for laboratory animals. The toxin has also been shown 
to induce membrane damage on artificial membranes 
and a variety of mammalian cells including human 
platelets and peripheral monocytcs [1-5]. it is now 

Abbreviations: PC, phosphatidylcholin©; DLPC, diJauroy[phos- 
phatidylcholine; DMPC, dimyristoylphosphalidyk:holine; DPPC, di- 
pairnitoylphosphal!dylcholine; DSPC, distearoylphosphatidyk:holine; 
DAPC, diarachidoylphosphatidyZcholin©; DOPC, dioleoylphospha- 
iklyicholin©; OPPC, p-olcoyloy-palmiloylphosphatidylcholine; POPC, 
p-palmitoyl-y-oleoylpho~phatidylcholine; CF, carboxyfluorescein; Tin, 
th~ temperature of •el-liquid crystalline phase transition; SDS- 
PAGE, sodium dodccyl sulfate polyactylamide gel electrophoresis. 

Correspondence: T. Tomita, The Institute of Medical Science, The 
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considered that the multiple biological actions of al- 
pha-toxin are due to the transmembrane-channel activ- 
ity of hexameric toxin assembled in the membrape of 
target cells [6-10]. 

By use of multilamellar liposome as a model system, 
we previously showed that alpha-toxin specifically 
bound to the choline-containing phospholipids, phos- 
phatidylcholine (PC) and sphingomyelin, and induced 
leakage of internal marker from Iiposomes [11]. Thus, 
polar head group of phospholipid plays an important 
role in the binding and /o r  incorporation of alpha,toxin 
into membrane. Our proposal of choline-containing 
phospholipids as the binder molecules for alpha-toxin 
is cosistent with the assymmetrical and preferertial 
distribution of these lipids in the outer leaflet of the 
cytoplasmic membrane of erythrocytes and other types 
of cell. 

In this paper, we studied involvement of hydropho- 
bic domain of the choline-containing phospholipids in 
the membrane-channel formation of alpha-toxin. As 
model membranes having curvatures in the size compa- 
rable to that of erythrocytes and other types of ceil, we 
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employed multilameltar riposomes prepared from syn- 
thetic PC (or sphingomyelin), which carried saturated 
fatty a@ residues of different chain lengths or unsatu- 
rated fa;ty acyf r&dues, and cholesterol in a molar 
ratio of 1 : ::. 

Mbteri& and Methods 

Chemicals 
Dilauroyl-L-a-phosphatidylcholine (DLPC), dimy- 

ristoyl-L-rY-phosphatidylcholine (DMPC), dipalmitoyl- 
t-u-phosphatidylcholine (DPPC), distearoyl-t-a-phos- 
phatidylcholine (DSPC) and dioleoyi-l_-cu-phssp!latidyl- 
choline (DOPC) were kindly supplied from Nippon Oil 
and Fats Co. Ltd+ (Tokyo). Diarachidoyl-t-cr-phospha- 
tidylchotine i DAPC), dilinoleoyl-L-Lu-phospha tidyl- 
choline, P-oleoyl-y-palmiroyl-L--cr-phosphatidylcholine 
(OPPC), /3-palmiloyl-y-oleoyl-t_LY-phosphatidylcholine 
(POP0 and cholestcml were purchased fmm Sigma 
Chemicals Co. Ltd. i.St. Louis, MO). N-Palmitoyl-r>- 
sphingomyelin and N-olcoyl-u-sphingonyelin were 
from Avanti Siochemicals (Birmingham, AL). Choles- 
terol was recrystallized twice from methanol before 
use. 

CarboxyfIuorescein (CF) was purchased from East- 
man Kodak (Roches!er, NY), and purified as described 
by Weinsteirl et al. ilLI. 

Smphylococcal alpha-toxin 
Alpha-toxin was purified from the cuhure super- 

natant of Smphviococcus aufeus Wood 46 as described 
previously (I 1 I, and stored at -80°C. Before use, the 
toxin preparation wab chromatographed on a column 
of Sephadcx G-75 to eliminate the toxin hexamer spon- 
taneously generated. 

LipOSO?lWS 
MuItiIameIIar Iiposomes were prepared as described 

pzviously 11 I.]. Mixture of PC (1 bmol) or sphingo- 
myelin (: ~mol) and cholesterol (1 pmcl) in chloro- 
form solution was evaporated to dryness at 4540°C 
under reduced pressure. The lipid film formed on the 
wall of ti coorticai-bottomed flask was put in vacuum for 
30-60 mir,, and dispersed in 0.1 ml of 0.1 M CF 
soIution or f ml of 10 mM phosphate buffer (pH 7-21, 
supplemented with 0.85% NaCl bq vortexing at 45-5O*C 
or above the temperature of gel-liquid crystalline phase 
transition (T,) of the PC. M::!:ifamellar vesicles were 
collected by centrifugation of the lipid dispersion at 
22000 Xg for 15 min at 4°C. Mean diameters of the 
liposomes, deterwined by Microtrac SPA (Leeds and 
Northrup, St. Petersburg, FL), were in the range be- 
tween 4.70 and 6.24 pm. 

Assoy of membrane damage by u/&a-toxin as CF release 
from lipsomes 

In a 96-weti U-bottomed microplate (Nunc Co. Ltd., 
Roskilde, Denmark!, 25 ~1 of seriat dilutions of alpha- 
toxin were mixed with 25 ~1 of CF-loaded liposome, 
and incubated at 25°C for 30 min. Fiuorecence inten- 
sity was measured with a microplate fluorometer MTP- 
32 (Corona EIectric CG., Katsuda, Japan) at the exita- 
tion wave length of 490 nm and the emmision wave 
length of 530 nm. 100% CF release was defined as the 
fiuorescence intensity that was gained upon exposure 
of Iiposomes ta 1% Triton X-100 at 2S”C for 30 min. 
Concentrations of liposomes were adjusted on the basis 
nf either phosphate amocf,:s or the fluorescence inten- 
sity obtained upon 100% CF release. 

Bind& oJ alpha-tuxin to liposomes 
Mixtures of alpha-;oxin (180-200 yg: 5.5-6.1 nmol) 

and liposome (1 pmol of phosphate) in 500 ~1 of 10 
mM phosphate buffer <pH 7.2), supplemented with 
0.85% NaCl (phosphate-buffered saline) were incu- 
bated at 25°C for 30 min. After the incubation, toxin- 
Iiposome complexes were collected by centrifugation at 
23oorJ x g for 20 min, and then washed twice by cen- 
trifugation. The liposome-bound toxin was solubilized 
at 37°C for 1 h in the 10 mM phosphate buffer (pH 
7.2), containing 1% Triton X-100. AIiquots of the solu- 
bilited toxin were subjected to protein determination, 
essentially according to Lowry’s method using bovine 
serum albumin containing 1% Triton X-100 as a stan- 
dard. White precipitate, if formed, was removed by the 
centrifugation at 23000 Xg for 15 min. 

Binding of the toxin to lipoaome was also estimated 
by use of SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) according to Laemmli’s method [13): 
Portions of the liposome-bound toxin obtained as de- 
scribed above were boiled for 5 min in the presence of 
1% SDS and 2% 2-mercaptocthanol 1131, and eJec- 
trophoresed CIJI l3% polyacrylamide slab gel. Under 
the conditions, all toxin molecules were mobitizeci as 
33-kDa monomers, because toxin hexamers, if formed, 
were dissociated to monomers. The gel was StaiPed 
with Coomasde brilIiant blue R-250 as described by 
Fairbanks et al. [l4], and subjected to densitomety. As 
a standard, certain amounts of the toxin (1 -JO b$ 
protein, determined by Lowry’s tilelhorl) were elec- 
trophoresed, stained and subjected ta densitomctry, as 
described above. 

Alpha-toxin (200 ~g: 6.1 nmoll and liposome (0.1 
firnot phosphate) in 500 pI of phosphate-buffered saline 
were incubated for 1 h at 25°C. Toxin-Iiposomc com- 
C’;xes formed were collected by centrifugation at 



2 2 0 0 0 x g  for 15 rain at 4°C, and washed 0y subse- 
quent centrifugation to remove residual unbound toxin. 
Liposome-bound toxin was solubilized in !% Triton 
X-100 for 1 h at 25°C, and thereafter s,bjected to 
SDS-polyacrylamide bel electrophoresis (SDS-PAGE) 
[13] o n  !0% polyacrylamide without heating for 5 rain 
at 100°C of the solubilized toxin in the presence of 1% 
SDS and 2% 2-mercaptoethanol. 

The gel was stained as described above, and sub- 
jected to densitometry for determination of % hexam- 
erization. % Hexamerization was defined as fcl!ows: 
(Area of hexamer /a rea  of monomer and hexamer)× 
100. 

Micellaneous 
Phosphorus was determined according to the method 

of Gerlach and Deuticke [15]. Cholesterol was deter- 
mined with an assay kit from Nissui Pharmaceuticals 
Co. Ltd. (Tokyo). 

Results  

To elucidate whether or not the fatty ac~! domain of 
phospholipids plays important role in the membrane- 
channel formation by alpha-toxin, we measured mem- 
brane-damaging action of alpha-toxin on various multi- 
lamellar liposomes composed each of PCs carrying 
saturated aeyl residues of different chain lengths and 
cholesterol in a molar ratio of 1 : 1. Membrane damage 
by alpha-toxin was assessed as leakage of interpal 
carbox~jfluorescein (CF) from the iiposomes upon ex- 
posure to various doses of the toxin at 2,5"C for 30 rain. 
Binding of the toxin to Iiposome was estimated by 
either the modified Lowry's method or SDS-PAGE 
after solubilizing the h'posome-bound toxin as de- 
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~cribed in Materials and Methods, and essentially simi- 
lar results were obtained by the two methods. 

As shown in Fig. IA, alpha-toxin induced CF re- 
lease from the l ipo~mcs composed of saturated fatty. 
acyl residue-carrying PC and cholesterol in a dose-de- 
pendent manner. More importar~tly, the toxin-induced 
CF-relea,~e from the liposomes was decreased with 
increasing chain length of the fatty acyl residue be- 
tween 12 and 18 carbon atoms (Fig. IA), although 
binding of the toxin to liposome was not significantly 
affected by the length of fatty acyl residue ('fable I). 
These results ,~ndicated that hydrophobic domain of PC 
was involved in the post-binding step(s) of membrane- 
channel formation by alpha-toxin, and that chain length 
of fatty acyl residue of PC profoundly affected the 
membrane-channel formation even when the mem- 
branes contained 50 tool% cholesterol. In the case of 
the liposome ptepared from diarachidoylphosphatidyl- 
choline (DAPC) and cholesterol, however, the sensitiv- 
ity of the membrane to alpha-toxin was higher than 
that of the liposome composed of distearoylphos- 
phatidylcholine (DSPC) or dipalmitoylphosphatidyl- 
choline (DPPC) and cholesterol (Fig. 1 and Table 1). 

To study the effect of unsaturated fatty acyl chain in 
PC molecules on .~he toxin-membrane interaction, we 
measured toxin-induced CF-release from the liposomes 
composed of unsatutaled acyl residue-carrying PC and 
cholesterol in a molar ratio of 1 : 1. As shown in Fig. IB 
and Table I, the liposomes composed of dioleoylphos- 
phatidylchollne or dilinoleoylphosphatidylcholine and 
cholesterol released 50% of the internal CF upon 
exposure to alpha-toxin at the concentration of 3.3 or 
3 .~/zg/ml ,  respectively, Thus, the liposomes prepared 
from unsaturated fatty acyl residue-carrying PC and 
cholesterol were much more sensitive to alpha-toxin 

TABLE I 
Binding of aIpIm-toxin to r'arious PC.cholesterol dposonw~ and concentration of th,: :o~in .~.~;:drcd ~ r  inducing 50f~ CF.rele.,~se from the liposomes 

Liposome Bound toxin ~ Concentration of toxin required t, T m of PC ¢ 
(%) for inducing 50~ CF release (°C) 

(/~g/ml) 

DLPC-Cho~ d MLV ~ 6.5 !5 O 
DMPC-Chol MLV 5.8 55 23 
DPPC-Chol MLV 6.3 700 41 
DSPC-Chol MLV 6. I > 1000 55 
DAPC-Ch01 MLV 5.3 160 75 

DOPC-Chol MLV 9.8 3.3 - 22 
OPPC.Chol MLV 9.1 6.7 - 7.9 
POPC.ChoI MLV 8.7 9.1 - 0.8 

% Binding of alpha-toxin to liposomes was determined as de~ribed in Materials and Methods, Mean values obtained from three independent 
experiments are presented. 

b Concentrations of the toxin required for inducing ~0% CF-release were determined from the data of Fig. I. 
T m of the PC were from the references [24-26]. 

a Chol, cholesterol. 
c MLV.  multi lamellar vesicle. 
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Fig. I. Effect of chain length (A)and uns~luration (n and C)c f  fatty 
acyl residues of PC on the ~nsilivity of. PC-choleslero] liposomes to 
a[pha.|oxin. (A) CF-Ioa;JecJ liposomes each composed of dilau- 
roylphosphatidy]chofae (DLPC: • ), dimyristoylphosphatidylcholine 
(DMPC; El), dipaimitoytphosphatidylcholine (DPPC: Ii). di- 
slearoylphosphal idylcholine (DSPC; ,, ) or diarachldoylphosphatklyl- 
choline (DAPE:; ~ )  and choleswral in a molar ratio of ! ' !  were 
exposed to various doses of alpha '.,~xin at 25°C for 30 min. Leakage 
of CF from the ~ipommeb was measured as described in Materials 
and Methods. Assays were performed in duplicate for determination 
of the CF leakage. (B) CF release flora the liposom¢ c~Jmposed of 
dioleoylphospha~idylcholine (DOPC; (3) or dilinoleoyll, l~,phatidyl- 
choline (e) and cholesterol was measured for various do;tes of the 
toxin. For comparison, toxin-induced CF-releasc from 'he DSFC- 
cholesterol ][posome ( A ) is also illuslrated. (C) Lipusonm.'. composed 
of /~-oleoyl-3,-palmitoylphosphatidylcholine (4)  or /3-ptlmitoyl-3,- 
oleoylphosphatidylcholine (0) and cholesterol were used as the tar- 
get membranes. Mean values obtained frorr three independent ex- 

~riment.~ were plotted [or all P~us,rations. 

Effect of  N-acyI residue of sphingomyelin on the 
sensitivity of sphingomyelin-cholesterol membrane to 
alpha-toxin was studied by using liposomes prepared 
f rom N - p a l m i t o y l s p h i n g o m y e l i n  o r  N-o leoy l -  
sphingomyelin and cholesterol in a molar ratio of 1 : I. 
As shown in Fig. 2, alpha-toxin induced 50% CF re- 
lease from the former and the latter Iiposome at the 
concentration of  30 and > 1000 / . tg/ml,  respectively, 
i.e., the liposomes composed of  unsaturateJ  fatty acyl 
residue-carrying sphingomyelin and cholesterol was 
much more sensitive to alpha-toxin than that prepared 
from saturated acyl chain-carrying sphingomyelin and 
cholesterol. 

We also studied the relationship between the toxin- 
induced CF-leakage from liposomes and hexameriza- 
tion of  the toxin in the l i pn~me  membranes.  Alpha- 
toxin was incubated for 1 h at 25°(2 with each of  the 
liposomes composed of  DOPC, DLPC or  DPPC and 
cholesterol in a molar ratio of 1:1.  Liposome-bound 
toxin collected by centrifugation was solubilized in 1% 
Triton X-100 at 25°(2, thereafter subjected to SDS- 
PAGE as described in Materials and Methods. Hexam- 
eric toxin was apparently resistant to the exposure to 
1% Triton X-100 and 0.1% SDS during the solubiliza- 
tion and electrophoresis, respectively, as described by 
previous studies [6,16]. Boiling of the solubilizcd toxin 
(in the presence of 1% SDS and 2% 2-mercapto- 
ethanol) prior to electrophoresis was omit ted to avoid 
dissociation of toxin hexamer formed. As shown in Fig. 
3, efficiency of hexamerization c:f the toxin in iiposome 
membranes was in the order: DOPC > DLPC > DPPC. 
Average values of % hexamerization of the toxin in 
liposome membrane (obtained from three independent  
experiments) were 73, 34 and 12 for DOPC-, DLPC- 
and DPPC-cholesterol lir~osame, respectively. The re- 
sults indicated a good ~orrelation between hexamer 

than the liposomes pr~,- "ed frorr. PC carrying satu- 
rated fatty acyl residues oJ the same chain length. 

We further examined whether  the position of unsat- 
urated acyl chain in PC molecule affects the sensitivity 
of PC-cholesterol membranes to alpha-toxin. To an- 
s'wcr this question, we used liposomcs composed of 
fl-oleoyl-y-palmitoylphosphatidylcholine (OPPC) or fl- 
palmitoyl-~,-oleoylphosphatidylcholine (POPC) and 
cholesterol in a molar ratio of 1 : 1. As shown in Fig. 1C 
and Table !, the OPPC-cholesterol liposom¢ was 
slightly more sensitive to alpha-toxin than the POPC- 
cholesterol liposome. Further,  the CF-release from 
both the liposomes occurrc~d much more efficiently 
than that from DSPC-cholesleroi liposume, but slightly 
less efficiently than that from the DOPC-cholesterol 
liposome. These results indicated that single unsatu- 
rated fatty acyl residue at any position was adequate to 
confer high sensitivity to alpha-toxin on the PC- 
cholesterol membrane.  
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Fig. 2. Toxin-induced CF-release from sphingomyelin-cholesterol 
liposomes. Liposomes composed of N-oleoylsphingomyelin (o) or 
N-palmitoylsphingomyelin (o) and cholesterol in a molar ratio of 1 : 1 
were incubated with various doses of alpha-toxin at 25°C for 30 rain. 
After the incubation, CF release was measured as described in 
Materials and Methods. Representative data from three independent 

experiments were illustrated. 
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Fig. 3, Hexamerization of alpha-toxin in lipo~ome membranes as- 
sessed by SDS-PAGE. Alpha-toxin was incubated for I b at 25°C 
with l ipo~mc composed of DPPC (B). DLPC (C) or DOPC (D) and 
cholesterol in a molar ratio of l : l .  Liposome-bound toxin w.~s 
solubilized in l% Triton X-It.)0, and subjected to SDS-P?,GE on 
10% polyacylamide gel without heating for 5 rain at 100°C in the 
presence of 1% SDS and 2% 2-mercaptoethanol, as described in 
Materials and Methods, Native toxin (A) or the ~oxin exl~.~sed to 
1% Trit,, X-I(10 for I h at 25"C (E) were electr(.0horesed on the 

same gel. 

formation of alpha-toxin and the toxin-induced +hem- 
brahe-damage. 

By use of liposome and planar membrane, Menest- 
rina et al. [17,18] reported that divalent cations such as 
Zn 2+, Ca 2+ and M g  2+ inhibited the channel-forming 
activity of alpha-toxin, and that degree of the inhibitory 
effect of the divalent cations wit:, in the order of Zn :+, 
Ca 2+ and Mg 2+. To make sure that the toxin-induc,:d 
CF-release from liposomes reflects the channel-forma- 
tion by alpha-toxin, we examined whether these diva- 
lent cations inhibited the toxin-induced CF-release in a 
similar fashion. As shown in the Fig. 4, Zn 2+, Ca 2+ 
and Mg 2+ inhibited the toxin-induced CF-release from 
DOPC-cholesterol liposome, and degree of the in- 
hibitory effec~ was in the order: gn2+> Ca2+> Mg 2+. 

100 

.65O 
=e 
t L  

O 

O 
a 1 - ~ , , , | 

10 10 ° 1¢J 1 10 2 
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Fig. 4. Inhibitory effect of divalent cations on the toxin-induced 
CF-r¢lease. in the presence of Zn z+ (e). Ca 2+ (a) or Mg :+ (11), 
CF-Ioaded liposome composea of DOPC and cholesterol was ex- 
posed to alpha-toxin of a given concentration that induced 90% CF 
release in the absence of the divalent cations. CF relea~ was 
measured as described in Materials and Mcthod~ except for use of 
l0 mM Tris-HCi buffer (pH 7.2). supplemented with 0.85% NaCI 
instead of phosphate-buffered saline to avoid formation of precipi- 
tates from phosphate and divalent cation. Mean values from three 

independent experiments were plotted. 
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Similar results were obtained witF, the other liposomes 
used in this study (data not shown). These results 
suggested that the toxin-induced ('F-leakage from lipo- 
somes described above occurr¢c through the mem- 
brane-channel formed by alpha-toxin. 

D i s c u s s i o n  

The data described above in aic~t ed that chain length 
and unsaturation of the fatty acyl ;esidues in PC and 
sphmgomyelin affected the membrane-channel forma- 
tion or hexamerization of staphylococcal alpha-toxin in 
the phospholipid-cholesterol membrane~,,, ,wen when 
the membranes contained cholesterol a~ 50 ~,o1%. Since 
it is generally accepted that choksterol ~uidizes PC 
membrane at concentrations over 2( ~ mot% [19], it is 
not likely that the hydrophobic domain of PC or sph- 
ingomyelin affected the membrane-channel formation 
(or hexamerization) of alpha-toxin by fluidizivig overall 
the cholesterol-containing membrane. Therefore, we 
assume that the toxin interacted with the hydrJphobic 
domain of the phospholipids in a rather dire(.~ but as 
yet unspecified mariner. Alternatively, the saturated 
fatty aoTl residues of shorter chain length or the ~:-,sat. 
urated fatty acyl residues might confer on -~he chles- 
terol-containing membrane a more fluid microcnviron- 
ment, which could not be well characterized b~ th~ 
so-far-developed methods such as differentia, thermal 
calorimetry, in this context, it should be noted that 
sensitivity of the cholesterol-containing men '  'ane to 
the toxin was apparentb in a good correlation v :,th the 
phase transition temperature (T m) of PC from gel to 
liquid crystalline state (Table 1), e~:cept for the case of 
DAPC-eholesterol iiposome. Although we are not able 
to account for the correlation at present, we presume 
that the toxin-bound Pc.cholesterol membrane might 
exhibit moderate phase transition that can not be de- 
tected by differential thermal calorimetry and X-ray 
crystallography. Wneidentally, previous studies by use of 
Raman spectroscopy [20], fluorescence photobleaching 
method [21] and viscosity measurement [22] detected 
moderate thermotrophic phase transition of erythro.- 
cyte membrane which contains cholesterol at arround 
30 mol%. 

The effect of the chain length of fatty acyl residues 
of PC might be explained as follows: PC, cholesterol 
and alpha-toxin are most tightly packed in the DSPC- 
cholesterol membrane. Thereby toxin molecules have 
least probability to associate each other, resulting in 
the lowest level of membrane-channel formation. With 
decreasing the length of fatty acyi residues of PC, 
h~wever, packing of the three components is becoming 
looser. Under the less-packed conditions, lateral 
a n d / o r  rotational motion is conferred to toxin 
molecules, leading to the more efficient formation of 
the membrane-channel of alpha-toxin. The deviation of 
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DAPC-cholesterol lipo ome in the sensitivity to alpha- 
toxin is due to the packi ng problem at the center of the 
PC-cholesterol bilayers, becaase of the difference in 
the molecular length between arachidoyl chain and 
cholesterol. Similar explar, ation is applicable to the 
enhancing effect of unsaturated fatty acyl residues: 
Unsaturated fatty acyl residue in PC at any position or 
in sphingomyelin makes the phospholipid-cholesterol 
membrane less tightly packed, giving to the lipid bi- 
layer certain microenvironmenl suitable for inducing 
the membrane-channel formation of alpha-toxin. 

Hildebrand et al. reeently proposed dual mechanism 
of alpha-toxin binding to target cells [23]. By use of 
radiolabelled, nemolytically-active toxin, they showed 
that there exist two distinct bindi,g sites for a!pha-toxin 
on erythrocytes, i.e. high-affinity binding sites on rabbit 
erythrocytes, to which the toxin binds in a fashion of 
the ligand-receptor interaction, and low-affinity bind- 
ing sites on both rabbit and human erythrocytes, to 
which the toxin of high concentrations binds rather 
nonspecificaily [23]. However. it is as yet unspecified 
what molecalar species of erythrocyte membrane com- 
pose the two distinct binding sites. Choline-containing 
phospholipids are possible candidate molecules for a 
part of the high affinity binding sites and /or  for the 
low affinity binding sites. Furthermore, it is feasible 
that the choline-containing phospholipids are involved 
in the binding and/or  incorporation of alpha-toxin into 
lipid bilayer even when the toxin ini',ially binds to 
certain specific receptor other than the phospho"pids. 
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