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Summary 

The addition of nanomolar amounts of a toxin preparation derived from the 
sea anemone Stoichactis helianthus to black lipid membranes increases their 
electrical conductance by one million-fold. In addition, the membranes become 
permeable predominantly to monovalent cations. The elevated bilayer con- 
ductance is voltage~lependent, and the current-voltage curves of these bilayers 
display rectification as well as a region of negative resistance. The membrane 
activity of the toxin is proportional to the third power of its concentration, 
and at very low concentrations the membrane conductance increases in discrete 
uniform steps. These observations indicate that  the mechanism of toxin action 
involves the formation of transmembrane channels constructed by the aggrega- 
tion of protein molecules which are inserted in the bilayer. The voltage-depen- 
dent membrane conductance arises from two distinct channel characteristics: 
(1) the unit conductance of individual channels is dependent on the polarity of 
applied voltage; (2) the number of  ion-conducting channels is influenced by the 
polarity as well as the magnitude of applied potential. It is believed that  these 
effects are due to the influence of an electric field on the insertion of  toxin 
molecules into the bilayer or on their subsequent association with each other to 
produce channels. Partial chemical characterization of the toxin material has 
shown that  the membrane active factor is a basic protein with a molecular 
weight of 17 500. 

Introduction 

A toxin isolated from the sea anemone Stoichactis helianthus has been 
described by Devlin and demonstrated to be a powerful hemolytic agent [1]. 
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As shown by Bernheimer and colleagues, the hemolytic capacity resides in a 
basic protein which has a pI  of  9.8 and a molecular weight of  16 000 [2]. The 
cytolyt ic  action of the toxin has been at t r ibuted to a specific interaction with 
sphingomyelin in the target cell membrane [2,3].  This hypothesis  is based on 
the observations that  the toxin's hemolyt ic  function is inhibited by exogenous 
sphinogmyelin as well as by the pretreatment  of target cells with sphingo- 
myelinase or phospholipase [2,3]. Interestingly, the toxin does not  exhibit  any 
sphingomyelinase or phospholipase activity. Thus, the exact mechanism for the 
protein's action is unclear. 

In the present experiments,  the planar black lipid membrane has been used 
as a model target system to s tudy the nature of  the interaction between the S. 
helianthus toxin and lipid bilayers. The results of  the study support  the 
concept  that  the cytolyt ic  action of  the toxin is directed against the lipid 
bilayer port ion of the cell membrane. Specifically, the experiments show that 
one consequence of  the toxin-bilayer reaction is the formation of~ransmem- 
brane channels which are produced by the aggregation of  toxin molecules 
within the membrane. This action does not  require the presence of sphingo- 
myelin in the bilayer. The latter finding is not  in accord with the hypothesis  
expressed by  Bernheimer and co-workers that  sphingomyelin is a specific mem- 
brane receptor  for the toxin [2,3].  Therefore,  in the second paper of this series 
a systematic s tudy of the effect  of membrane lipid composi t ion is reported,  
and the question of  the lipid requirements for activity of  the S. helianthus 
toxin is resolved [4].  

Materials and Methods 

Chemicals. Partially purified S. helianthus toxin was generously provided by 
Dr. John Devlin. The material was stored as a lyophilized powder  at --20°C. 
For experimental use a s tock solution of  0 . 1 -  1.0 mg/ml in buffer was 
prepared and kept  at 0 °C. This solution was stable for a period of  5 -- 7 days 
with no loss or alteration of  membrane activity. Lipids and solvents for the 
planar lipid bilayer studies were obtained in the highest puri ty grade available: 
egg lecithin was purchased from Supelco Inc., Bellefonte, PA, 99 + % choles- 
terol was obtained through Sigma, St. Louis, MO, and n-decane (gold label) 
was from Aldrich, Metuchen, NJ. Double-distilled water with a specific con- 
ductance of  1 pS/cm or less was used for preparing all aqueous solutions. 

Polyacrylamide disc gel electrophoresis. The toxin material was examined by 
polyacrylamide gel electrophoresis on 7.5% gels at pH 4.5. The protocol  fol- 
lowed the method of Reisfeld et al. [5] except  that  the electrode buffer was 
70 mM fl-alanine buffered at pH 4.5 with glacial acetic acid. The toxin (100 pg) 
in 50 pl of  electrode buffer  containing 10% sucrose (w/v) and 0.01% Basic 
Fuchsin (w/v) was layered onto  the gels and electrophoresis was performed at 
3 mA per gel for 3 h. Several gels were fixed in 12% trichloroacetic acid (w/v) 
for 30 min, stained with 0.05% Coomassie brilliant blue (w/v) in methanol/  
acetic acid/water  mixture (5 : 1 : 5, v/v/v) for 2 h, and then destained by diffu- 
sion in methanol-acetic acid-water (2 : 3 : 36, v/v/v) overnight. The remaining 
gels were sliced into 1 mm sections and equivalent discs from each gel were 
pooled. The protein in these samples was extracted by incubation at 37°C for 
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4 h with 2 volumes of  0.1 M KC1 + 5 mM histidine buffered at pH 7.0. Subse- 
quently,  the supernatant from each incubation mixture was assayed for toxin 
activity by  testing its effect on a black lipid membrane. 

Samples of  the toxin were also characterized by sodium dodecyl  sulfate 
polyacrylamide gel electrophoresis on 7.5% gels following the method of Weber 
and Osborn [6]. Protein samples (10--100 pg) in 50 pl of  buffer were dispersed 
in an equal volume of buffer containing 2% SDS (w/v) and 2% 2-mercapto- 
ethanol (v/v) by heating at 90°C for 2 rain. Electrophoresis was carried out  at 
4 mA per gel for 3 h at room temperature;  the gels were fixed, stained, and 
destained as described above. 

Membranes and electrical measurements. Lipid bilayer membranes were 
made from a mixture of egg lecithin and cholesterol (20 mg/ml, each lipid) 
dissolved in n-decane. Bilayers were formed by depositing 1--2 pl of  lipid solu- 
tion from a disposable glass microliter pipette (Biotip, Schwarz/Mann Inc., 
Orangeburg, NY) across a 1 mm aperature in the side of  a Kel-F cup which 
was placed in a small lucite boat.  Membrane formation was monitored by  visual 
appearance and electrical capacitance criteria. The unmodified lipid bilayers 
displayed electrical conductances from 1 - 10 -9 S/cm 2 to 5 • 10 -s S/cm 2 and 
electrical capacitances between 0.4 to 0.6 pF /cm 2. Samples of  the sea anemone 
toxin were added to one side of  the membrane and the additions were accom- 
panied by vigorous stirring. 

Membrane conductance was measured under voltage clamp conditions using 
a conventional two electrode configuration as described by Jain [7]. Positive 
membrane current was defined to correspond with cation flow away from the 
aqueous compar tment  to which the toxin was added. Electrical contact  to each 
side of  the bilayer was made with a calomel electrode via a salt bridge (satu- 
rated KC1 in 3% agar). The one exception to this protocol  was in experiments 
on ion-selectivity. In these studies, the slow leakage of  KC1 from the salt bridge 
into each of the compartments,  which were of  unequal volume, produced an 
asymmetry  potential which added to the diffusion potential created by the 
established salt gradient. Therefore, in these experiments two Ag/AgC1 elec- 
trodes were used and immersed directly into each chamber. Accordingly, the 
cation transference numbers for the membrane were calculated from the ob- 
served cell potentials by the relation: 

[Cl]~ 
Ecell ---- 2t ÷ In [-C-~'  

and the liquid-junction diffusion potentials were determined by the equation: 

(2t + --1) 
E D = E c e l l  2t ÷ 

Results 

Steady-state electrical characteristics of  toxin-treated bilayers 
The addition of  S. helianthus toxin to membranes prepared from a mixture 

of  egg lecithin and cholesterol greatly increased membrane permeabili ty and 
conferred to the bilayer a voltage dependent  electrical conductance.  One 
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example of these phenomena is displayed in Fig. 1 which shows data that was 
recorded after a one-sided addition of toxin to a membrane. Panel A of the 
figure shows the steady-state current-voltage (I--V) curve which displays rectifi- 
cation as well as a region of negative resistance that  occurs with negative 
voltages in the range from --80 mV to --140 mV. Panel B displays the corre- 
sponding conductance-voltage ( G - - V )  curve which was derived from the I - - V  
curve by the relation: G = I /V .  As shown in Fig. 1B, the toxin-treated mem- 
brane has two ohmic conductance levels which are connected by a voltage- 
dependent  conductance curve. The first ohmic conductance level represents a 
low permeability state which occurs for voltages more negative than --140 mV. 
The second ohmic conductance level corresponds to a high permeability state 
which is achieved at positive voltages above +100 mV. The ratio of conduc- 
tance between the high and low permeability states is six for the experiment 
shown in Fig. 1. The average ratio of conductance for over one hundred mem- 
branes was five. 

The capacity of the toxin to increase membrane permeability was not  
restricted to lecithin bilayers. Fig. 2 shows the G - - V  curves of toxin-treated 
bilayers which were prepared from glycerol monoolein, or oxidized cholesterol, 
or soybean phosphatides (asolectin). In the cases of monoolein and oxidized 
cholesterol the data are qualitatively similar to that  seen in Fig. lB. These 
results indicate that  the activity of the toxin does not  depend on any specific 
phospholipid or cholesterol requirement. Surprisingly, however, asolectin 
bilayers did not  respond to the toxin even at protein concentrations of 1--5 pg/  
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F i g .  1 .  ( A )  S t e a d y - s t a t e  c u r r e n t - v o l t a g e  c u r v e  o f  a t o x i n - t r e a t e d  p h o s p h a t i d y l c h o l i n e  b i l a y e r .  T h e  b i l a y c r  
w a s  f o r m e d  f r o m  e g g  p h o s p h a t i d y l c h o l i n e  p l u s  c h o l e s t e r o l  (1 : 2 m o l a r  r a t i o )  in  n - d e c a n e .  T h e  a q u e o u s  
p h a s e  c o n t a i n e d  0 . 1  M K C l  + 5 m M  h i s t i d i n e  b u f f e r e d  a t  p H  7 . 0 ;  t o x i n  ( 1 2 0  n g / m l )  w a s  a d d e d  t o  o n e  s i d e  
o f  t h e  b i l a y e r .  T h e  a b s i s s a  is m e m b r a n e  v o l t a g e  ( m V ) ;  t h e  o r d i n a t e  is t h e  s p e c i f i c  m e m b r a n e  c u r r e n t  (pA/ 
c m 2 ) .  ( B )  S t e a d y - s t a t e  c o n d u c t a n c e - v o l t a g e  c u r v e  o f  a t o x i n - t r e a t e d  p h o s p h a t i d y l c h o l i n e  b i l a y e r .  T h e  
u p p e r  c o n d u c t a n c e  c u r v e  f o r  a t o x i n - t r e a t e d  m e m b r a n e  w a s  c o m p u t e d  f r o m  t h e  d a t a  d i s p l a y e d  in  ( A ) .  
T h e  l o w e r  c u r v e  r e p r e s e n t s  d a t a  f r o m  t h e  s a m e  m e m b r a n e  p r i o r  t o  t h e  a d d i t i o n  o f  t o x i n .  See  t e x t  f o r  

d e t a i l s .  
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Fig. 2. S t e a d y - s t a t e  c o n d u c t a n c e - v o l t a g e  cu rves  o f  t o x i n - t r e a t e d  b i l a y e r s  p r e p a r e d  ~ o m  d i f f e r e n t  l ip ids .  
M e m b r a n e s  we re  p r e p a r e d  f r o m  m o n o o l e i n  ( in n - d e c a n e ) ,  o r  o x i d i z e d  c h o l e s t e r o l  (in n - o c t a n e ) ,  o r  aso-  
l ee t in  ( in n -deeane ) .  T h e  a q u e o u s  p h a s e  c o n t a i n e d  0.1 M KC1 p lus  5 m M  h i s t i d ine ,  b u f f e r e d  a t  p H  7 ,0 ;  t h e  
c o n c e n t r a t i o n  o f  t o x i n  was  1 2 0  n g / m l  fo r  t he  m o n o o l e i n  a n d  o x i d i z e d  c h o l e s t e r o l  b i l aye r s ,  a n d  5 / ~ g / m l  
in  t h e  case  o f  t he  a so l ec t i n  b i l aye r .  The  a p p l i e d  m e m b r a n e  vo l t age  is given o n  the  absc issa .  The  speci f ic  
m e m b r a n e  c o n d u c t a n c e  is s h o w n  o n  the  o r d i n a t e  w h i c h  is e x p a n d e d  n e a r  the  o r ig in  in  o r d e r  t o  r e c o r d  the  
a so l ec t i n  d a t a  w h i c h  equa l s  the  c o n d u c t a n c e  level o f  a n  u n m o d i f i e d  b f l aye r .  

ml. For the experiment shown in Fig. 2, the conductance of  the unmodified 
asolectin bilayer was 3 . 1 0  -9 S/cm 2 and it did not  change during a 30 min 
period following the addition of  toxin (5/~g/ml). Thus, the composit ion of  
lipid bilayers does modulate  their susceptibility to the sea anemone toxin, but  
the chemical factors which determine this influence are not  known. 

Dose-response characteristics 
The dose-response curve of  the toxin in a lecithin/cholesterol membrane is 

shown in Fig. 3 which records the logarithm of membrane conductance on the 
ordinate versus the logarithm of  toxin concentration along the abscissa. The 
slope of  the line is 3.0, and the range of  bilayer conductance extends over six 
orders of  magnitude which reflects a 100-fold variation in toxin concentration. 
A simple interpretation of  this experiment is that  the conductance element 
produced by  the toxin is an aggregate of  three toxin molecules. More accu- 
rately, the active element is a trimer of  the toxin species that  is present in 
aqueous solution which may or may not  be a protein monomer.  

Membrane channels 
The enhanced membrane permeability produced by  aggregates of  the S. 

helianthus toxin is due to the formation of  transient transmemhrane channels. 
This fact is demonstrated in panels A and B of Fig. 4. The two panels are 
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Fig .  3. D o s e - r e s p o n s e  c u r v e  fo r  S. he l ian thus  t o x i n  in  b i l a y e r s .  E x p e r i m e n t a l  c o n d i t i o n s  we re  t he  s a m e  as 

i n  Fig .  1A.  A l i q u o t s  o f  a s t o c k  s o l u t i o n  o f  t o x i n  we re  a d d e d  t o  one  s ide  o f  t he  m e m b r a n e  w i t h  v i g o r o u s  

s t i r r i n g .  M e m b r a n e  c o n d u c t a n c e  was  m o n i t o r e d  c o n t i n u o u s l y  b y  c l a m p i n g  t he  b i l a y e r  t o  +10  i n V .  T h e  

f i n a l  s t e a d y - s t a t e  c o n d u c t a n c e  was  a s s u m e d  w h e n  n o  f u r t h e r  c u r r e n t  i n c r e m e n t s  o c c u r r e d  o v e r  a 3 - - 5  m i n  

o b s e r v a t i o n  p e r i o d .  T h e  absc i s sa  d i s p l a y s  t h e  l o g a r i t h m  o f  t o x i n  c o n c e n t r a t i o n ;  t h e  o r d i n a t e  r e p r e s e n t s  t h e  

l o g a r i t h m  o f  t h e  a c t u a l  m e m b r a n e  c o n d u c t a n c e  ( u n c o r r e c t e d  f o r  m e m b r a n e  a rea ) .  

F ig .  4.  S i n g l e  c h a n n e l  c u r r e n t  f l u c t u a t i o n s  i n  t o x i n - t r e a t e d  m e m b r a n e s .  T h e  d a t a  r e c o r d s  s h o w  t h e  f l u c t u a -  
t i o n  o f  m e m b r a n e  c u r r e n t  w i t h  t i m e  w h i c h  was  o b s e r v e d  i n  t o x i n - t r e a t e d  l e c i t h i n / c h o l e s t e r o l  b i l a y e r s .  

T o x i n  (10  n g / m l )  was  a d d e d  t o  o n e  s ide  o f  t h e  m e m b r a n e ;  t h e  a q u e o u s  p h a s e  c o n t a i n e d  0 . 5  M KCI  + 

5 m M  h i s t i d i n e ,  b u f f e r e d  a t  p H  7 .0 .  Pane l  A.  T h e  r e c o r d  was  t a k e n  a t  a c l a m p  p o t e n t i a l  o f  - - 1 0 0  m V  a n d  

s h o w s  u n i f o r m  d i s c r e t e  c u r r e n t  f l u c t u a t i o n s  a b o v e  t h e  b a s e l i n e  l eve l  o f  t h e  u n m o d i f i e d  b i l a y e r .  T h e  m e m -  
b r a n e  c o n t a i n e d  o n l y  one  c h a n n e l  w h i c h  h a d  a c o n d u c t a n c e  of  1 • 10  - 1 0  S a n d  a n  a v e r a g e  l i f e t i m e  o f  2 s. 

Pane l  B. T h e  r e c o r d  was  t a k e n  a t  a p o t e n t i a l  o f  + 1 0 0  m V  a n d  was  r e c o r d e d  2 r a i n  a f t e r  t h e  r e c o r d  in  

p a n e l  A. D u r i n g  t h i s  i n t e r v a l  a s e c o n d  c h a n n e l  a p p e a r e d  in  t he  m e m b r a n e  a n d  was  o p e n  d u r i n g  m o s t  o f  

t h e  t i m e  p e r i o d  c o v e r e d  b y  t h e  s e c o n d  o s c i U o g r a m .  Hence ,  t h e  b a s e l i n e  c u r r e n t  o f  t h e  u n t r e a t e d  b i l a y e r  
was  b e l o w  t h e  o s c i l l o s c o p e  s c r ee n .  T h e  c o n d u c t a n c e  o f  b o t h  c h a n n e l s  was  1 .8  • 1 0  - 1 0  S a n d  t he  l i f e t i m e  

f o r  t h e  c h a n n e l  w h i c h  was  o p e n i n g  a n d  c l o s i n g  is a r o u n d  2 s. 
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oscilloscopic records of  membrane current fluctuations which were observed 
after the addition of  toxin (10 ng/ml) to an egg phcsphatidylcholine/cholesterol  
membrane.  The fluctuations reflect discrete changes of  membrane conductance 
which correspond to the formation and breakdown of  individual channels. The 
data trace in panel A was recorded at an applied potential of  --100 mV, and the 
record in panel B was taken at a potential of  +100 mV. The current scale 
(vertical axis) is the same for both records; however, the time scale (horizontal 
axis) for panel B is expanded five times in relation to the scale in panel A. 
There are two parameters contained in the data records which are important  
for describing the channels. First, t h e  average lifetime of  a single channel is 
around two seconds and is independent of  the polarity of  applied voltage. 
Second, the average conductance of  a single channel at --100 mV is 1 • 10 -l° S 
(panel A), and at +100 mV it is 1.8 • 10 -l° S (panel B). Thus, the conductance 
of  a channel is not  equal for voltages of  +100 mV and --100 mV. It should be 
noted that the dependence of  single channel conductance on voltage polarity 
is in the same direction as the rectification effect  which is observed in the 
steady-state I--V curve of a 'many channel'  membrane (Fig. 1A). 

Time-dependent conductance changes 
The difference between channel conductance for voltages of  opposite 

polarity partially accounts for the asymmetry  in the electrical characteristics of  
toxin-treated bilayers. The remaining portion arises from a t ime-dependent 
conductance change which occurs at negative potentials. This characteristic is 
shown in Fig. 5. At the start of this experiment (left hand portion of  the 
figure), the membrane was clamped at 0 mV for one minute (complete period 
not  shown). At point  a the membrane potential  was stepped to +100 mV, and 
the resulting current response was a change from 0 to 4.8 • 10 -s A. The poten- 
tial was returned to 0 mV at b and next changed to --100 mV at c; this time 
the current response was a step change from 0 to only --2.3 • 10 -s A. Moreover, 

I :o  1 ° _ _  I f  

I lo-Somp t6s I 

Fig.  5. T i m e - d e p e n d e n t  changes  of  m e m b r a n e  c o n d u c t a n c e .  E x p e r i m e n t a l  c o n d i t i o n s  w e r e  as descr ibed  in  
Fig .  1A. At  the  s t a r t  o f  the  e x p e r i m e n t ,  the  m e m b r a n e  p o t e n t i a l  wa s  c l a m p e d  at 0 m V  (ho r i zon t a l  l ine in 
the  center  o f  the  r e c o r d  a t  the  l e f thand  side corresponds  to  1 = 0).  The  arrows  m a r k  the  t i m e s  at  w h i c h  
the  app l i ed  m e m b r a n e  p o t e n t i a l  (V)  w a s  changed.  Th e  ver t ica l  ax is  indicates  m e m b r a n e  current ,  the  
h o r i z o n t a l  ax i s  corresponds  to  i nc reas ing  t i m e .  E x p e r i m e n t a l  p r o t o c o l  p r o c e e d s  f r o m  le f t  to  right: a,  V = 

+ 1 0 0  m V ;  b,  V = 0 m Y ;  c~ V = - - 1 0 0  m V ;  d, V = 0 m V  pulse  fo r  2 m s  a n d  r e t u r n  to  - - 1 0 0  m Y ;  e, V = 
0 m V  pulse  f o r  10  m s  a n d  r e t u r n  to  - - 1 0 0  m V ;  L V = 0 m V  pulse  fo r  100  m s  a n d  r e t u r n  t o  - - 1 0 0  inV.  See  
t e x t  f o r  deta i ls .  



74 

this initial response was followed by a decay of  membrane current over the 
course of 21 seconds to a final steady-state value of - - 1 . 2 - 1 0  -8 A, i.e., the 
bilayer conductance undergoes inactivation at negative voltage. For the experi- 
ment shown in Fig. 5, the time course of  the inactivation process is given by a 
single exponential function with a time constant (V) of three seconds (analysis 
not shown). 

Continuing in the same experiment, at point d the membrane voltage was 
changed to 0 mV for 2 ms and then returned to --100 mV (the current 
transient is not seen in the record because its duration was much shorter than 
the recorder's response time). The initial current value (and hence, membrane 
conductance} immediately after the 0 mV pulse is greater than the previous 
steady-state level. This observation indicates that a significant activation or 
'turn-on' of  conductance was achieved during the 2 ms period that the mem- 
brane was clamped at 0 mV. Next,  at points e and f the voltage applied to the 
bilayer was returned to 0 mV for 10 and 100 ms respectively. In each case the 
initial current after returning to --100 mV was successively larger. After the 
100 ms pulse the initial current upon returning to --100 mV is equal to that 
seen at point c. The kinetics of  the 'turn-on' conductance mechanism have not 
been analyzed in detail. However, the data shown in Fig. 5 conform to a first- 
order rate process with a time constant of  2 ms. Thus, the activation and inac- 
tivation processes have drastically different kinetics, the inactivation reaction 
being 1000 times slower. 

Ion-selectivity of  toxin channels 
The ion selectivity of toxin-treated membranes is shown in T a b l e  I which 

records the cation transference numbers of  the alkali metal and alkaline earth 

T A B L E  I 

I O N - S E L E C T I V I T Y  O F  T O X I N - T R E A T E D  M E M B R A N E S  F O R  M O N O V A L E N T  A N D  D I V A L E N T  

M E T A L  C H L O R I D E S  

M e m b r a n e s  w e r e  p r e p a r e d  f r o m  egg  p h o s p b a t i d y l c h o l i n e / c h o l e s t e r o l  (1 : 2) in  n - d e c a n e .  In i t ia l ly  the  c o m -  
p o s i t i o n  o f  the  t w o  a q u e o u s  c o m p a r t m e n t s  w a s  s e t  at  the  l o w  sa l t  c o n c e n t r a t i o n  leve l ,  t o x i n  ( 1 0 0 - - 2 0 0  

n g / m l )  was  a d d e d  t o  the  i n s i d e  c h a m b e r  w i t h  s t irr ing ,  a n d  3 0 - - 4 0  m i n  w a s  a l l o w e d  for  the  m e m b r a n e  c o n -  
d u c t a n c e  t o  s t a b i l i z e .  S u b s e q u e n t l y ,  t h e  i n s i d e  c h a m b e r  w a s  a d j u s t e d  to  the  h i g h  salt  c o n c e n t r a t i o n  leve l  

b y  a d d i t i o n  o f  a n  a l i q u o t  o f  a c o n c e n t r a t e d  s t o c k  s o l u t i o n  (1 - -4  M), a n  e q u i v a l e n t  v o l u m e  o f  b u f f e r  at  the  
l o w  sa l t  c o n c e n t r a t i o n  w a s  a d d e d  t o  t he  o u t s i d e  c h a m b e r  to  e q u a l i z e  h y d r o s t a t i c  p r e s s u r e .  T h e  m e m b r a n e  

d i f f u s i o n  p o t e n t i a l  ( E D )  d e v e l o p e d  w i t h i n  1 - - 2  rain  a n d  w a s  s t a b l e  f or  at l eas t  5 min .  F o r  e a c h  o f  the  
d i f f e r e n t  sa l t s ,  t w o  to  f ive e x p e r i m e n t s  ( n )  w e r e  c o n d u c t e d  o n  d i f f e r e n t  m e m b r a n e s .  T h e  c a l c u l a t i o n s  for  

E D a n d  t + are  d e s c r i b e d  in M e t h o d s .  

Sa l t  I n s i d e  c h a m b e r  O u t s i d e  c h a m b e r  n E D ( m V )  t + 

( raM)  ( r aM)  

LiCI  1 0 0  1 0  2 - - 2 6  -+ 4 

NaCI 100  10 3 - - 3 2  ± 3 

KC1 1 0 0  1 0  5 - - 4 0  ± 2 
R b C I  1 0 0  10  4 - - 4 1  _+ 3 

CsC1 1 0 0  1 0  2 - - 3 6  -+ 3 

MgC12 5 0  5 2 +31  ± 5 

CaC12 50  5 4 +18  +- 2 

SrCI  2 50 5 3 + 4 0  ± 4 
BaCl  2 50  5 2 +51 t 2 

0 . 7 5  

0 . 8 0  

0 . 8 5  

0 . 8 7  

0 . 2 2  

0 . 3 2  

0 . 4 7  

0 . 1 4  

0 . 0 5  
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chlorides. For the Group 1A chlorides the channel was cation selective, and the 
selectivity ratios ( t* / t  -)  varied from 3 to 9. However, the intercation selectivity 
was low based on the Nernst potentials ( E D )  , a conclusion which was confirmed 
by bi-ionic cell potentials of  only 5--10 mV (data not  shown).  When the alkali 
metal salts were replaced with Group IIA chlorides, the membranes became 
anion selective. The selectivity ratios varied from 0.9 for CaC12 to 0.05 in the 
case of  BaC12. 

Analysis of t ox in  by polyacrylamide gel electrophoresis 
In order to characterize the chemical nature of  the sea anemone toxin, the 

preparation was analyzed by polyacrylamide gel electrophoresis. The results 
of  this study are summarized in Fig. 6. Panel A of  the figure shows the elec- 
trophoretic pattern of  three gels. Gel No. 1 is a SDS gel of  the stock toxin 
material, and six bands are clearly discernible. Gel No.  2 is a polyacrylamide 
gel pattern obtained at pH 4.5 of  the same material. Under these conditions, 
the toxin sample showed only two equally stained bands with R F values of  0 .90 
and 0.82. The protein corresponding to these bands was recovered by extrac- 
tion from sliced gels as described in Methods. When the extracts from individ- 
ual samples were tested on a black lipid membrane only the R F 0.90 band 
showed activity (indicated in Gel No.  2 by +), and its behavior was identical to 
the original preparation. The R f 0.90 band was also analyzed on SDS-gels. The 
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Fig. 6. Analysis of toxin  by polyacrylamide gel e lectrophores i s .  Panel A.  The e l e c t r o p h o r e t i c  pat tern  of 
three gels are s h o w n  w h i c h  w e r e  prepared as descr ibed  in Methods :  (1) SDS gel of the  crude  t o x i n  sample. 
(2) Polyacrylamide gel at  pH 4.5 of the  s a m e  material.  After electrophoresls,  the  latter  gels w e r e  cut  i n t o  
1 turn sec t ions ,  and the  prote in  in p o o l e d  equiva lent  sl ices was  e x t r a c t e d  b y  i n c u b a t i o n  w i t h  exces s  
buffer, S u b s e q u e n t l y ,  the  ex trac t s  o f  individual  samples  w e r e  t e s t ed  for  ac t iv i ty  o n  a b lack  l ipid bilayer. A 
single m e m b r a n e - a c t i v e  fract ion  was  f o u n d  w h i c h  c o r r e s p o n d e d  to  the front-running  prote in  band seen  in 
Gel N o .  2 (pos i t i on  ind icated  by '+'). All o th e r  ex trac t s  w e r e  m e m b r a n e  inact ive  (representat ive  samples  
are ind icated  by '--'. (3) SDS gel analysis  w h i c h  s h o w s  a single prote in  band for the m e m b r a n e  act ive  
sample isolated from Gel N o .  2.  Panel B. S e m l l o g a r i t h m i c  graph of molecular  weight for des ignated  
standard prote ins  versus m o b i l i t y  in SDS gels. The purified m e m b r a n e - a c t i v e  to x in  prote in  falls on  the  
curve corresponding  to  a molecular  weight of 17 5 0 0 .  
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results are given in the electrophoretic pattern of  Gel No. 3 which shows a 
single protein band that corresponds to band 4 in Gel No. 1. Estimation of the 
molecular weight of the membrane active protein is shown in panel B of Fig. 6 
which is a semilogarithmic graph of  molecular weight for standard protein 
samples versus mobil i ty in SDS gels. The bilayer-active protein falls on the 
curve corresponding to a molecular weight of 17 500. 

Discussion 

The present experiments have shown that a toxin derived from the sea 
anemone S. helianthus can increase the permeabili ty of black lipid membranes 
over six orders of magnitude with no compromise in membrane stability. The 
mechanism of  this action involves the formation of  transmembrane channels 
which are constructed by  the aggregation of  toxin molecules. Analysis by 
polyacrylamide gel electrophoresis of  the membrane active protein (Fig. 6). 
indicates that  it is a basic protein of  17 500 daltons. The fact that the toxin 
bears a strong positive charge at neutral pH does not  contradict the implied 
hydrophobic  character necessary for the insertion of the protein into a lipid 
membrane.  The size of a 17 500 dalton protein greatly exceeds the length 
required to span a bilayer; actually, a peptide of about  2000 daltons would be 
sufficient. Thus, only a small port ion of  the toxin molecule needs to be hydro- 
phobic.  

Bilayer lipid membrane activity of the toxin parallels its powerful hemolytic  
capacity previously reported by  Devlin [1] and by Bernheimer and Avigad [2]. 
The latter workers have purified the hemolysin to homogenei ty  and shown it to 
be a 16 000 dalton protein with a pI of  9.8. The similarity between this sub- 
stance and the protein described in the present s tudy as regards membrane reac- 
tivity and chemical characteristics suggested that the two proteins were iden- 
tical. This conclusion was confirmed when the purified hemolysin (the 
generous gift of  Dr. Alan Bernheimer) was tested on black lipid bilayers and its 
reaction characteristics were identical with our preparation of toxin. 

The assignment of a channel mechanism for S. helianthus toxin rests on two 
salient observations. The first observation is the dependence of  the macro- 
scopic membrane conductance on [toxin] 3 which is displayed in Fig. 3. The 
simplest explanation for this dose-response relation is that  three molecules of 
toxin associate with each other  within the membrane to form an ion-con- 
ducting pathway.  The second observation is the occurrence of discrete current 
fluctuations, as shown in Fig. 4. The magnitude of these fluctuations, 10 -1° S 
in 0.5 M KC1, corresponds to an ion flux of  about  108 ions/s across the mem- 
brane at a potential  of  100 mV. This rate exceeds that  of  a possible carrier type  
mechanism (i.e., valinomycin) by  four orders of magnitude. Further,  the life- 
time of a single f luctuation (2 s in phosphatidylcholine/cholesterol  bilayers at 
23°C) is larger than could be expected for a transient perturbation or 'tear' in 
the bilayer. Hence, we are dealing with a stabilized high permeability structure. 
The increase in membrane conductance by discrete steps as well as the high 
power dose-response curve are characteristics which have been repeatedly 
demonstrated with other  channel-forming agents such as gramicidin [8],  
alamethicin [9--11],  and monazomycin  [12].  



77 

Several additional features of the electrical characteristics of  toxin-treated 
membranes are important,  because they relate to the process of  protein inser- 
t ion into the bilayer and the nature of  the transmembrane channel. One ob- 
servation is that  a one-sided addition of  toxin produces a membrane conduc- 
tance which is dependent  on the polarity as well as the magnitude of  the 
applied voltage, as shown in Fig. lB.  The asymmetry  of  the G--V curve with 
respect to voltage polarity demonstrates that  the toxin molecules which are 
available for channel formation are not  distributed evenly on both  sides of the 
bilayer. Specifically, it suggests that  the toxin inserts in the bilayer and is 
anchored, presumably by ionic or hydrophilic head-groups, on the side of  the 
membrane to which the protein addition was made. Thus, the toxin does not  
behave like a simple lipid-soluble substance which would partition between the 
aqueous phase and the hydrocarbon milieu of the membrane. This conclusion 
is consistent with the fact that the S. helianthus toxin is a positively-charged 
protein at neutral pH. 

The dependence of  membrane conductance on the magnitude of  applied 
voltage indicates that either the number of  channels or the conductance of  
individual channels is voltage dependent.  The data which are relevant to this 
issue are shown in Figs. 4 and 5. First, panels A and B of Fig. 4 show that 
individual channels exhibit  rectification with the same voltage polarity depen- 
dence that  is observed for a 'many channel'  bilayer. Such a phenomenon could 
conceivably take place in two ways; one choice is that the channel undergoes 
a change in configuration which alters its conductance level when the voltage 
polarity is reversed. Precedent for this type of  mechanism is provided by  the 
action of  hemocyanin,  another putative channel-forming agent, in lipid bilayers 
[13].  An alternative explanation is that the change in the direction of  the elec- 
tric field results in a redistribution of  ions at the mouth  of  the channel and alters 
the concentration of  charge carriers which move through the channel. It should 
be possible to distinguish between these two alternatives in future experiments 
by studying the effect of  applied potential, within the range of  approx. 
+100 mV, on single channel conductance.  For the configuration-state mecha- 
nism, the channel should display discrete changes in conductance as a function 
of  voltage, whereas for the ion-relaxation mechanism the conductance should 
be a smooth and continuous function. 

Next,  Fig. 5 shows that the membrane conductance inactivates with time 
when the bilayer is held at a negative voltage. For  the specific experiment 
shown in the figure, the decay of  conductance is exponential and has a time 
constant  of  three seconds. Interestingly, the membrane conductance can be 
returned to its initial high state by  briefly removing the negative voltage. In the 
experiment shown, the potential was taken to 0 mV for only a few milliseconds 
in order to accomplish the reactivation of  conductance.  Hence, the ' turn-on' 
kinetics (r = 2 ms) are very much faster than the ' turn-off '  kinetics. It  should 
be emphasized that the activation and inactivation of  membrane conductance 
seen in Fig. 5 is not  due to a t ime<lependent transition of  channels between 
different conductance levels in response to the changes of  membane voltage. As 
shown in the single-channel experiments (Fig. 4), the conductance of  a channel 
throughout  its lifetime is constant. Instead, it is believed that the ' turn-on' and 
' turn-off '  of  membrane conductance reflects a change in the number  of  
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channels in the bilayer. This type  of  mechanism has been clearly demonstrated 
in lipid bilayer reconsti tut ion experiments with an anion transport  protein iso- 
lated from paramecium which exhibits a similar phenomenon of activation and 
inactivation of  membrane conductance in response to voltage polarity [ 14]. 

The direction of  the conductance changes with reversals in voltage polarity 
in toxin-treated bilayers is consistent with the idea that positively charged 
toxin molecules are driven into or out  of  the membrane by the applied electric 
field. However,  it is unlikely that  this process involves the transfer of material 
back and forth between the membrane and the aqueous phase. If this were the 
case, the application of  a large negative potential to the bilayer for a long time 
(compared to the diffusion time through the unstirred aqueous layer at the 
bilayer interface) would cause an electrophoresis of the toxin away from the 
membrane.  This effect  would manifest itself as a diminution in the bilayer's 
initial current response to a subsequent  positive voltage pulse in comparison to 
a membrane which had been held at 0 mV. Such an effect  was noJ~observed. 
Tentatively,  it is believed that  either (or both)  the tilting into the bilayer of 
toxin molecules which are already aligned on the membrane surface or the 
subsequent  aggregation between inserted molecules is voltage dependent .  This 
mechanism has already been described for other channel-formers, notably 
alamethicin [15] and has been thoroughly discussed by  Mueller [16].  
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