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The water-soluble a-toxin monomers of Staphylococcus aureus become hexamers [orming the transmembrane pore when 
exposed to the membranes. This pore is freely permeable to small hydrophilic molecules, e.g. carbo~fluorescein, and becomes 
less permeable in the presence of calcium ions. Calcium ion-mediated decrease of the carboxyfluore~ein leakage could not be 
eliminated by EDTA added in the medium, but the carboryfluorescein could he freed by EDTA added in the intraliposomal 
space. This result suggests that the a-toxin pore changes its conformation as the calcium ion is bound and that the binding site is 
exposed to the iotraliposomal side of thv membrane. The interaction between the ~-toxin hexamer and 8-anilino-i-naphthalene- 
sulfonic acid (ANS) was monitored by determining the fluorescence in the, presence and absence of calcium chloride. The mean 
distances between the tryptophan residues of the a-toxin hexamcr and the bound ANS were calculated to he 1.90 and 1.80 nm in 
the absence and presence, respectively, of calcium ions. The results showed the calcium ion mediated eonformational change of 
the membrane-embedded a-toxin hexamer. 

Introduction 

a-Toxin produced by Staphylococcus aureus exists as 
a water-soluble single polypeptide with M r, 33000 [1]. 
This a-toxin damages  biological membranes [2-5]  and  
artificial lipid bilayers [6-8]. When these proteins are 
exposed to the membrane  bilayer, the toxin molecules 
enter  into the membrane,  converting to a hexameric 
aggregate forming the transm~mbrane pore or  channel 
[9,10]. The pore diameter  was estimated to be  1.0 to 1.2 
nm [11,12]. 

Calcium ion protects the a-toxin-mediated mem- 
brane damage in the biological membranes  [13,14]. It is 
conceivable therefore that  the calcium ion-mediated 
protection of membrane damage might be a conse- 
quence of the closing or constriction of the a-toxin 
channel.  To test this possibility, we have determined 
the interaction of 8-anil ino-l-naphthalenesulfonic acid 
(ANS) and the membrane-embedded a-toxin hexamer. 

Abbreviations: ANS, 8-anilino-l-naphthalenesulfonic acid; PC, phos- 
phalidyl choline; CF, carbox'/fluore~ein; Hel~S, N-2-h>'droxyethyl- 
pip2razine-PJ'-?-ethanesulfonic acid; EDTA. ethylenediaminetetra- 
acetic acid. 

Correspondence: T. Nakae, Department of Cellular Information 
Sciences, Tokai University School of Medicine, lsehara 259- I 1. Japan. 

We present here that  calcium ion causes the conforma- 
tional change of  the membrane embedded a-toxin 
hexamer narrowing the channel.  

Experimental  procedures 

Chemicals. Egg-yolk phosphatidylcholine (PC) was 
purchased from Sigma. Carboxyfluorescein (CF) and 
ANS were obtained from Wako Pure Chemicals 
(Tokyo). All o ther  chemicals used were the highest 
purity grade available commercially. 

Materials. Staphylococcal a-toxin was purified from 
culture supernatant  of Staphylococcus aureus strain 
wood 46 grown in tryptic soy broth as described else- 
where [15]. Liposome was prepared from egg-yolk PC 
according to the procedure described earlier [16]. Since 
the interaction of a-toxin ~nd !iposome is largely influ- 
enced by the size of  the liposome, we prepared the 
liposomo by sonicating the lipid suspension for 5 min 
by the procedure reported earlier as lipesome-5 [16]. 
The CF-containing liposome was prepared as above in 
the presence of 0.183 M CF and free CF was separated 
by gel filtration as reported earlier [7]. The buffer 
solution used throughout  this study contained 10 mM 
N-2-hydro~ethylpiperazine-N '-2*ethanesulfonic acid 
(Hepes) buffer (pH 7,01, 150 mM NaCI and 3 mM 
sodium azide (Buffer A), 
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Fluorescence measurement. Fluorescence intensity of  
C F  was monitored at 520 nm as described earl ier  [7]. 
For  the study of  a - tox in -ANS interaction, a l iposomc 
suspension (4.4-10 - s  real o f  phospholipids) and a-  
toxin wcrc mixed together  in 900 ~tl o f  buffer A and 
kept at 23°C for 30 min. Calcium chloride was added to 
the mixture and kept at 23°C for more than 15 min, if 

needed. An  appropriate concentration of  ANS solution 
(100 #1) was added. Fluorescencc emission was moni- 
tored at 480 nm at excitation wavelength 380 nm using 
a Hitachi 650-10S fluorcsccncc spectrophotomcter  at 
22°C at slit length 4 and 6 nm for excitation and 
emission, respectively, and light path 10 mm. 

Results 

Effect o f  calcium ion on the a-toxin-mediated CF-leakage 
When a-toxin monomers were mixed with the lipo- 

some containing CF, the fluorescence at 520 nm in- 
creased immediately (F: ~s. 1A, arrow 1; IB, arrow 1), 
confirming the previous results [7]. Calcium chloride at 
8 mM decreased the CF leakage (Fig. IB, arrow 2). 
Addi t ion of  E D T A  in the medium could not reverse 
the calcium effect (Fig. IB, arrow 3). The  drop in 
fluorescence intensity at the time E D T A  was added is 
due to dilution. Velocity of  the C F  leakage was moni- 
tored by the rate of  fluorescence increment at 520 nm. 
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Fig. I. a-Toxin-mediated CF release and effect of calcium ions. 
Liposomes were prepared from egg-yolk PC entrapping CF and 
passed through a sepharose 4B column (0.9x60 cm) as described in 
Experimental procedures. Liposomcs (3.2.10- io real of phosphorus) 
were ~':uspended in 1 ml of Buffer A. To this was added 120 ,gl of 
a-toxin monomers (1.08.10 -y moll and fluorescence at 520 nm was 
recc.rded immmediatcly at an excitation wavelength of 490 nm (A, 1 
and B, I). The cuvcne was held at 22°C by circulating temperature- 
controlled water. Arrows 1, 2 and 3 indL':ate the addition of a-toxin. 
100 ~1 of 0.1 M calcium chloride and 100 /zl of 0.1 M EDTA, 

respectively. 

When 1.35.10 -9 mol of  a-toxin monomers  were added 
to the suspension of  the CF-ent rapped liposomes (3.2. 
10-it) mol phospholipids ent rapping 8 .35 .10-12  mol o f  
C F ) ,  thc initial rate of  C F  release was 1 .25 .10 - t t  
m o l / m i n  as calculated from a tangent  o f  fluorescence 
cur:e .  The rate of  C F  release became 5.61. l 0  -12 
m o l / m i n  after 40 s. This value is equal to 45% of  the 

initial velocity. The  initial velocities of  C F  leakage 
became 28 and 91% of  that  of  a-toxin alone, as a-toxin 
was added to the l iposomes preincubated with 4.3 mM 
calcium chloride and 4.3 mM EDTA,  respectively ('Fa- 
ble 1A). Nei ther  E D T A  nor calcium chloride alone at 5 
mM showed detectable CF leakage. In the next experi- 
ment, calcium chloride a n d / o r  E D T A  was added to 

TABLE I 

Effect of calcium ion on the a-toxin.mediated CF release 

(A) Experimental condi¢ions were similar to those described in the 
legend to Fig. 2. The listed materials were added ;n the written 
order. Fluorescence was recorded at 520 nm as described in Experi- 
mcl:tal procedures and the legend to Fig. 1. The initial rate of CF 
release .~as recorded immediately after the a-toxin addition. 
(B) Experimental conditions were similar to those in (A). Calcium 
chloride was added at 15 s after the a-toxin and the fluorescence 
recording started at 40 s after the a-toxin. The CF-release rate was 
calculated from the curve at a0 s after the a-toxin addition. The final 
concemrations of calcium chloride and EDTA were 2.2 raM. 
(C) Lipt~somes (2.5.10 -w real phosphorus) containing 0.15 M CF 
and 0.1 M EDTA were mixed with 9.3.10- m real (C-l) or 5.6.10-1o 
mol ((:?-2) of the a-tox~n monomers and the rate of CF release was 
monitored. The rate of CF release was calculated at 90 s after ;.he 
a-toxin. The final concentration of calcium chloride was 4.7 raM. 

Reaction mixtur e Rate calculated CF release 
at time (s) (~tmol/min, 
after a-toxin × IO -~') 
addition 

(A) 
Liposome 0 0 

Liposomc + a-toxin 0 12.5 
Liposome + 4.3 mM EDTA 

+ a-toxin 0 I 1.4 
Liposom¢ + 4.3 mM CaCI2 

+ a-toxin 0 3A6 
Liposome + 5 ram CaCI, 0 0 
Liposome + 5 mM EDTA 0 0 

(B) 
Liposome + a-toxin 40 5.61 
Lipos0me + a-toxin + CaCI2 40 1.18 
Liposom¢ + a-toxin + CaCI2 

+ EDTA 40 1.04 

(C-I) 
Liposome(EDTA) + a.toxin 90 2.17 
Liposome(EDTA) + a-toxin 

+ CaCI 2 90 1.78 

(C-2) 

Liposome(EI)TA) + a-toxin 90 1.34 
Liposome(EDTA) + a-toxin 

+CaCI 2 90 1.22 



Effect of calcinm chloride and EDTA on the diffusion of p-nhroplwnyl 
phosphate through the a.toxin pore 

(D) Liposomes were prepared in the prcseace of 20 units alkaline 
phosphatase as described in the text and were suspended in the 
solution containing 50 mM Tris-HCI (pH 8.0). 150 mM NaCI and 3 
mM sodium azide and 10 mM p-nitrophenyl phosphate. The reac- 
tion was started'by the addition of 4.09.10-w tool of a-toxin and 
after 3 min and 6 rain calcium chloride and EDTA, respectively, 
were added. The diffusion rate of p-nitropheuyl phosphate was 
determined spectrophotometrically at 405 nm. The final concentra- 
tions of calcium chloride and EDTA were 5 mM. 

Enzyme activity 
(nmol product/min 
per pmol phospha- 
tidylcholine) 

Experiment I 
Liposome + a-rosin 14.05 
Liposome + a-toxin + CaCI 2 10.77 

Experiment It 
Liposome + a.toxin 16.79 
Liposome + a-toxin + CaCI 2 I 1.33 
Lip~,some + a-toxin + CaCI2 + EDTA 10.79 
Liposome + EDTA + a-toxln 14.43 
Liposome + EDTA + a-toxln + CaCI2 14.07 
Liposome 0.43 
Total enzyme activity 18.74 

the mixture of the liposome and a-toxin, and  the 
velocity of CF leakage was determined at  40 s later. 
Calcium chloride at 2.4 mM lowered the velocity at 40 
s to 21% of  toxin alone. While addition of the toxin, 
calcium chloride and EDTA had no detectable effect 
compared with the toxin and calcium chloride (Table 
IB). Since the calcium-mediated decrease of CF re- 
lease could not be eliminated by the subsequently 
added EDTA,  it is likely that  calcium ion bound to the 
EDTA-inaccessible site of a-toxin hexamer. 

In the next experiment, the liposomes entrapping 
both CF and  EDTA were mixed with a-toxin and the 
fluorescence was measured 90 s later, in the absence 
and in the presence of 4.7 mM CaCI 2 (Table IC). The 
rate of the CF-release in the presence of calcium 
chloride was 82 to 91% of  that  without calcium chlo- 
ride. This result together  with the experiments shown 
in Table IB, suggests that  calcium chloride bound to 
the a-toxin, where E D T A  was only accessible from the 
intravesicular side (trans) of the membrane.  Calcium 
chloride did not interfere the toxin-hexamer formation, 
since the EDTA-ent rapped  liposomes showed 82 to 
91% of the CF release by the a-toxin t reatment  in the 
presence of calcium chloride (Table IC). 

To test the permeability of small solute through the 
toxin pore in the presence of calcium, the accessibility 
of  p-nitrophenyl phosphate to the intraliposomal alka- 
line phosphatase was determined [17]. As shown in 
Table ID, p-nitrophcnyl phosphate was about  70% 
permeable in the presence of calcium ions compared 
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with the permeability without calcium chlo:ide. This 
result suggests that  the c~-toxin pore is constricted in 
t.t;..: prcs, 'nce of calcium chloride. When the liposome 
was incubated with EDTA and the toxin and calcium 
chloride were :;ubscquently added, the permeability of 
p-nitrophenyl phosphate appeared to be comparable to 
the liposome incubated with EDTA and a-toxin, 

Effect of calcium chloride concentration on the a -  
toxin-mediated CF release was examined. Calcium 
chloride at 0.8 mM to 30 mM inhibited CF release 
about 76% to 84'7o (Fig. 2). 

The state o f  the calcium chloride-treated a-toxin in the 
liposome membrane 

Siuce the above experiments suggested that calcium 
chloride caused the change of the a-toxia pore config- 
uration, we studied the protein confonnation in the 
presence and absence of calcium ions. When ANS was 
mixed with the liposome suspension, the fluorescence 
intensity increased 15-times and the emission maxi- 
mum shifted from 520 nm to 480 nm (Fig. 3B). These 
results indicate that  ANS was entrapped ;.n the hy- 
drophobic environment. The fluorescence intensity of  
ANS increased further  at 480 nm in the lipesorae 
containing a-toxin hexamcr (Fig. 3A). The fluores- 
cence at 336 nm is the emission from tryptophan 
residues of the a-toxin molecule (Fig. 3A). 

The fluorescence emission shown in Fig. 3A consists 
of three components.  They are fluorescences of free 
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Fig. 2. Effect of calcium chloride on the a-toxin-mediate~ CF re- 
lease. Liposomes (3.2" I0- in tool of phosphorus) were mixed with 
a.toxin monomers (1.35.10 -~ tool) in 1.15 ml of E~-dfer A. After 
tipping a-toxin, the indicated amounts of calcimn ¢hlor;de was 
added to the mixture as indicated in Table ]B, Fluorescence was 
measured as described in the legend to Fig. I, 40 s after the ee-toxin 
addition. The initial rate of CF release was expressed reJative to that 

without calcium chloride. 
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WAVE LENGTH ( n m ) 

Fig. 3. Fluorescence emissinn spectra of ANS in the lioosome and 
the li0osome containing a-toxin. Buffer A was mixed with the 
following materials. Curve (A), Liposomes (5.83.10 -K tool of phos- 
phorus) and a-toxin monomer (4.4' 10 ~ tool) were preincubated at 
23°C for 15 rain. then ANS was added. Carve (B), Liposomes 
(5.83-l0 -x tool of phospho;~as) were mixed with ANS. Curve (C), 
ANS was added to the buffer. The final volume was adjusted to 1.0 
ml at an ANS concentration of 2O #M. The emission spectra were 

recorded at the fixed excitation wavelength of 284 nm. 

ANS,  of  A N S  in the  l iposome m e m b r a n e  and  of  A N S  
bound to the  a- toxin in the  l iposome membrane .  

There fore ,  the total f luorescence F4~ j may be ex- 
pressed  as  

F~,= F~ + Fp + Ff ( I )  

where  F4~ ) is the  relative f luorescence intensity a*. 480 
nm,  and I, p and f re fe r  to the  f luorescence intensit ies 
o f  A N S  bound to lipid, prote in  and unbound,  respec-  
tively. Since the  Ff fraction is negligibly small at  480 
nm ann is included in the  FI, F4~. can be simplif ied to 

F4~,=F~+F r (2) 

Therefore ,  the f luorescence intensity due  purely to the  
a - tox in-ANS complex may  be calculatecl by subtract ing 
F a f rom F4:,~,. 

Fig. 4 shows the emiss ion spectra of  the  A N S  in the  
presence  of  a- toxin in the membrane .  W h e n  the  in- 
creas ing ~noum~ of A N S  were  added  to *.he a.-toxin- 
intercalated lipo~omes, the  f luorescence emiss ion at 
480 nm increased,  excitation at 284 nm. T h e  trypto- 
phanyl f luorescence at 336 nm was quenched.  The  
f luorescence of  f ree  t ryptophan or  A N S  was not influ- 
enced in the  presence  of  calcium ions (data  not shown). 
Tb.c f luorescence emiss ion at 480 nm in the  mixture  
conta ining a- toxin- intercala ted l iposome was  deter-  
mined  in the  presence  and  absence of  calcium chloride. 
The  extents o f  f luorescence dec remen t  at 336 n m  due  
to a-toxin were  plot ted against  reciprocals of  A N S  
concentrat ions  (Fig. 4, inset). The  results  o f  experi-  
men t s  in the  presence  and absence of  5 m M  calcium 
chloride gave  fairly l inear traces.  T h e  contr ibut ion of  

unpolymerized mononters  (40% of  the  initially added  
monomers )  to these  values  were  subtracted,  by calcu- 
lat ing f rom the  amoun t  of  the hexamers  fo rmed  (Fig. 
6). T h e  energy  t ransfer  eff iciencies were  0.606 and 
0.526 in the  presence  and absence of  calc ium chloride, 
respectively. T h e  m e a n  apparen t  separa t ion  ( R )  be-  
tween the t ryptophan residues of  a- toxin in the  lipo- 
some  m e m b r a n e  and the  bound A N S  molecules  was 
calculated tentat ively f rom the  ene rgy  t ransfer  effi- 
ciency according to the  equat ion proposed by F0rs te r  
[18]. 

E=R-~/R r'+R~' (3) 

g 

'WAV~ LENGTH ( n m )  

Fig. 4. Fluorescence emission spectra of ANS and a-toxin in the 
liposome membrane. Liposomes (5.83.10 -~ mol of phosphorus) in 1 
ml of Buffer A were mixed with 4.4.10-m tool of the a-toxin 
monomers in the presence of 5 mM calcium chloride. ANS was 
added after keeping the mixture at 23°C for 15 min and the fluores- 
cence emission spectrum was recorded immediately at the fixed 
zxcitation wavelength of 284 am. Curves: A, no ANS; B. 10 ~M 
ANS; C, 20 ,¢M ANS; D, 30 /t,M ANS. (Inset) The fluorescence 
emission spectra were recorded in the presence and absence of 5 
mM calcium chloride as above. Fl~ and F were fluorescence intensi- 
ties (arbitrary unit';) of tryplophan residues (336 am) of the toxin in 
the absence and preseoce, respectively, of the added ANS. Excita- 
tion wavelength was 284 nm. F./(F.- F) was plotted against the 
reciprocal of the ANS concentration, o - -  o, Experiments in the 
absence of calcium chloride, e - - e ,  Experiments in the presence 

of calcium chloride. 



where R n is the distance at which the energy transfer 
efficiency is 50%. 

Rgf(g.78"lO-:5)'k"Qn-4J (cm*) (4) 

where Q is the quantum yield of the donor  in the 
absence of the acceptor,  K-" is the orientation factor of 
dipole-dipole interaction, n is the refractive index of 
the protein and J is the overlap integral between the 
donor  emission and the acceptor absorption on the 
wavenumber scale. J was calculated according to the 
method of Wright and Takahashi  [19]. 

The J value appeared  to be 86.39" 10- " cm 3 M - i. 
A quantum yield of  a-toxin in phospholipid membrane 
was determined to be 0.067 using 0.78 tool% a-toxin in 
58.3 nmol /ml  of  the egg-yolk PC liposome. A quantum 
yield of free tryptophan under  the same conditions, 0.2 
in 10 mM Hepes buffer (pH 7.0) was used for calcula- 
tion. An  n value of 1.6 was adopted from that of a 
protein [20] and the K 2 value was assumed to be 2 / 3  
in a randomly oriented pair  of  donor  and  acceptor [21]. 
For a-toxin-intercalated liposomes, Ro was found to 
be 1.93 nm. By using this value, the mean distances 
between tryptophan residues in the hexamer and bound 
ANS molecules were calculated to be 1.9 nm and  1.8 
nm in the absence and presence of calcium ions, re- 
spectively. These results suggest that  the environment 
of t ryptophan residues of a-toxin hexamer was altered 
in the presence of calcium ions. 
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Fig. 5. Effect of ANS concentration and calcium ion on the ANS 
fluorescence emission in the presence of various concentrations of 
a-toxin hexamer. Liposomes ,.4.4. t0 -s  tool of phosphorus) and the 
indicated amount of a-toxln were mixed in 900/I.I of Buffer A and 
incubated at 23"C for 30 rain. The mixture was incubated for a 
further 15 rain in the preseece (A) or absence (B) of 5 mM calcium 
chloride and the fluorescence was recorded immediately after the 
addition of the indicated amounts of ANS. Excitation and emissio~ 
wavelengths were set to 380 nm and 480 nm. respectively. Protein 
concentrations were: o - - o ,  9.2; b - - z x ,  16.8; and 

o - - o ,  30.5 ~tg/ml. o - - o ,  Without a-toxin. 
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Quantitatire determination of  the ANS and el-toxin in- 
teractions 

ANS readily interacts with the a-toxin incorporated 
into the liposome membrane (Fig. 3). However, quanti- 
tative determination of the ANS-ot-toxin interaction 
remained to be assessed. We quantified the fluores- 
cence increment of ANS in the liposomc containing 
different amounts of a-toxin. Fluorescence caused by 
the interaction of ANS and liposome was subtracted 
from that in the presence of a-toxin. Fluorescence 
increased 3 to 5%. 16 to 20% and 22 to 29% over the 
fluorescence of ANS and liposome upon addition of 
9.2 ttg, 16 .8 / tg  and 30.5 ~ g  ~'r-toxin, respectively (Fig. 
5B). In the presence of 5 mM calcium chloride, these 
values became 8%, 16 to 9-5%, 32 to 49% at the a-toxin 
concentrations 9.2 p,g, 16.8 ~ g  and 30.5 #g ,  respec- 
tively (Fig. 5A). These results indicate that  the a-toxin 
hexamer in the presence of calcium ions was bound 
with more ANS molecules than that in the absence of  
calcium chloride. 

Discussion 

When water-soluble a-toxin monomers of Staphylo- 
coccu¢ aureus come into contact with membranes,  the 
toxin enters the membrane forming a hexameric aggre- 
gate and  a t ransmembrane aqueous pore [1]. We have 
reported earlier that  the presence of  phospholipids 
with unsaturated fatty acids and the physical states of  
the membrane  are important in the toxin hexamer 
assembly [5]. The ,,-toxin pore allows the passage of 
various small hydrophilic molecules [22]. 

Millimolar concentration of calcium chloride pro- 
tected target  membranes from the a-toxin action 
[13,14]. These observations suggest the following three 
possibilities: (i) calcium ion interferes the binding of  
a-toxin to the membrane,  (ii) calcium ion blocks the 
a-toxin hexamer formation, (iii) calcium ion blocks the 
solutes leakage. The last possibility may have two alter- 
native states: (ill-a) calcium ions simply block the pore 
.~lugging in the pore interior, and (ill-b) calcium ion 
alters the a-toxin conformatio1,, changing the fully 
dilated state of  the pore to the co,~stricted stare. Possi- 
bility (i) was ruled out by the earlier report [13,23]. 
Possibility (ii) seems unlikely, since the presence of the 
a-toxin hexamers in the membrane is readily demon- 
strable by SDS-acrylamide gel elec:~ophoresis (Fig. 6). 
The amount  of the hexamer appeared to be the same 
in the absence and presence of calcium ion (Fig. 6). 
Though we can not rule out possibility (ill-a), possibil- 
ity (ill-b) seems most likely. 

Menestrina demonstrated that the ion conductive 
channels formed by a-toxin on a planner lipid bilayer 
were inactivated by di- and trivalent cations [12]. We 
have confirmed this observation with the calcium chlo- 
ride-mediated decrement of the CF leakage (Figs. 1 



130 

i 
MEXAME~ 

antltmEn 

1 
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Fig. 6. Denstlometric traces of stained electrophoretograms of the 
reaction mixtm',~s. L:posomes and a-toxin monomers were mixed 
without (A) or with 5 mM CaCI 2 (Bi as demribed in the legend to 
Fig. 5. The mixture was subjected to SDS-acrylamide gel elec- 
trophoresis. The gel was stained with Coomasie brilliant blue. (C) 

a-Toxin monomer without membrane. 

and 2). The  permeabi l i ty  of  p-ni t rophenyl  phospha te  
was  lowered to 67 to 75% of  that  without  calcium in 
the  presence  of  calcium ions. Calc ium ion-media ted  
inhibition of  CF  leakage  di f fers  f rom that o f  p-  
nitrophenyl phosphate .  The  inconsistency may be due  
to the  di f ferent  assay me thod  and  the  di f ferent  proper-  
t ies o f  the  test  solutes. W e  p re fe r  to in terpret  above 
result as to the  conformational  change  of  a-toxin.  T h e  
a- toxin-media ted  leakage  of  another  f luorescent  dye, 
thionin, was  tested. T h e  undetectably low leakage  of  
thionin was supposed to be due to the positively charged  
solute. W h e n  A N S  was  added  to the  a- toxin hexamer  
in the  l iposome membranes ,  we observed the  fluores- 
cence increment  at 480 nm. This  f luorescence incre- 
men t  was  al tered in the presence  of  calcium ions. It  
was  also shown that  this calcium effect  could be re- 
versed  by E D T A  added  to the  intravesicular  space,  but  
not  by the exogeneougly added E D T A  (Table  IB, IC). 
Jd though  it is p rema tu re  to speculate  on the  calcium 
binding site, the most  likely site would bc e i ther  inte- 
rior of  the  pore  distal to the  pore  mouth,  o r  the  
trans-side of  the  hexamer .  The  b inding of  calcium to 
the  toxin induces the conformat ional  change  of  the  
toxin molecules resul t ing in constriction of  the  c h a n n e l  
I f  tile b inding affinity of  calcium to the  toxin is h igher  
than that o f  E D T A ,  the  above hypothesis  may not be 
valid. 

O n e  may argue  that  the observed f luorescence 
change  at 480 nm is due to the  interact ion be tween  
A N S  and the  unpolymerlzcd a- toxin monomers .  This  
a rgumen t  seems  less plausible, since incubation of  a -  
toxin m o n o m e r s  and A N S  shows little influettce on 

f luorescence at 480 nm.  Fu r the rmore  the  contr ibut ion 
of  A N S - m o n o m e r  complex to the  total f luorescence at  
480 nm is negligibly small (data  not  shown). A N S  does  
not cause  the  h e x a m e r  to m o n o m e r  transit ion.  W h e n  
the  h e x a m e r  in the  l iposome were  incubated with ANS,  
the  amoun t  of  h e x a m e r  was  unchanged .  Calc ium ion- 
media ted  al terat ion o f  function of  the  m e m b r a n e  pore  
is rare  to our  knowledge.  Recently,  it is shown that  the  
pore  function of  the  8-endotoxin of  Bacillus thuringien- 
sis is sensit ive to calc ium ions [24]. A well c i :arac-  
tcr ized case is the  calc ium ion-dependent  closing o f  the  
gap  junct ion pore  [25]. It  is of  interest ,  therefore ,  to 
s tudy the  structural  s imilari ty be tween  the  a- toxin  hex- 
a m e r  and  the  gap  junct ion hexamer  and  their  eonfor-  
mat ional  change  by calcium ions. 
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