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The receptor-site for the sea anemone toxin II from Anemonia sulcata (ATX) and its functional relationship 
with the Na ÷ channel were studied in plasma membrane preparations from lobster walking leg nerves. The 
modification of the 22Na influx by ATX was determined in membrane vesicles and in proteoliposomes 
prepared by reconstitution of detergent-extracted, unfractionated membrane particles into soybean iipo- 
somes. The effects of two other toxins, veratridine (VER) and tetrodotoxin (TI~X), which bind to Na ÷ 
channel receptor-sites other than that for polypeptide toxins, were also studied, ATX and VER stimulated 
Z2Na flux into membrane vesicles with K0. s values in the order of 10-7 and 10-s M, respectively. Positive 
cooperativity among these toxins was also seen; ATX displaces the Ko. s for VER towards lower VER 
concentrations. TFX abolishes the 22Na influx increment caused by ATX a n d / o r  VER with a Ko. s in the 
order of 10-s M. In proteoliposomes, in contrast, ATX modified the 22Na influx only at high concentrations 
(> 1 #M) and in the presence of VER. VER stimulation and TTX inhibition of the VER and the VER plus 
ATX modified fluxes, had the same characteristics as in the vesicle preparations. Measurable ATX and VER 
toxin effects were only seen in the presence of an outwardly directed K ÷ gradient for both vesicles and 
proteoliposomes. Detergent treatment and the reconstitution procedure seem to affect the functional 
properties of the ATX receptor site whereas the VER and the TTX sites remain unaltered. 

Introduction 

The knowledge about the structure and func- 
tion of the Na ÷ channel at the molecular level has 
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advanced, thanks to the solubilization and purifi- 
cation of Na ÷ channels from different sources 
[1-9] and to their functional reconstitution into 
liposomes or planar lipid bilayers [10-19]. Three 
main groups of neurotoxins (for references see 
Refs. 22 and 23), are regularly used to characterize 
the Na ÷ channel during its solubilization, purifi- 
cation and reconstitution. (i) The first group is 
formed by the water-soluble heterocyclic com- 
pounds containing guanidinium moieties, tetro- 
dotoxin and saxitoxin. They share the same recep- 
tor site and block reversibly at nanomolar con- 
centrations the ion flux through the Na ÷ channel. 

0005-2736/87/$03.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division) 
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(ii) The second group is constituted by lipid-solu- 
ble polycyclic compounds veratridine, batra- 
chotoxin, aconitine and the grayanotoxins. They 
affect the voltage dependence of activation and 
inactivation of the Na ÷ channel. They displace 
the voltage required for activation towards more 
negative values and prevent channels from in- 
activating. These toxins act at micromolar con- 
centrations. (iii) The third group is formed by 
small polypeptides (M r 4000-7000) present in the 
venoms of scorpions of the Buthidae family and in 
the nematocysts of several sea anemones. There 
are two types of polypeptide toxins: the a-toxins 
which affect the inactivation of the Na + channel 
by preventing it, and the fl-toxins which affect the 
activation mechanism in a similar way as the 
above mentioned toxins [18]. The binding of a- 
toxins is voltage dependent [24-26]. The a-toxins 
enhance the action of the lipid soluble toxins and 
vice versa [27,28]. 

The sources of Na ÷ channels for solubilization, 
purification and reconstitution studies have been 
mainly vertebrate nerve and muscle plasma mem- 
branes [1-4,6-9,13-19]. However, it should be 
noticed that the functional reconstitution of the 
channel was first achieved with crude membrane 
preparations from lobster nerves incorporated into 
soybean liposomes [10,11]. In addition, the Na ÷ 
channel present in detergent-extracted, partially 
purified membrane particles from lobster nerves 
has been incorporated into soybean liposomes 
[5,29]. The functional relationship between the 
native and the reconstituted Na + channel and the 
receptor sites for the first and second group of 
neurotoxins mentioned in the previous paragraph, 
has been well established in vertebrates and in- 
vertebrates. Tetrodotoxin  (TTX), veratridine 
(VER) and batrachotoxin (BTX) are the most 
common toxins used. The presence of the poly- 
peptide a-toxin receptor has also been demon- 
strated, but further work seems to be required to 
reconstitute the functional relationship of this re- 
ceptor site with the Na + channel. 

Since knowledge of the properties of the a-toxin 
receptor present in isolated cell plasma mem- 
branes and in detergent extracted membrane par- 
ticles should contribute to reconstitute its func- 
tion, we have studied the action of the polypeptide 
a-toxin anemone toxin II from Anemonia sulcata 

(ATX), on the Na + channel (I) in vesicles sponta- 
neously formed by isolated lobster nerve mem- 
branes, and (II) in proteoliposomes prepared with 
unfractionated, detergent-extracted membrane 
particles incorporated into soybean liposomes [30]. 
In addition, the effects of VER and TTX were 
also studied, under the experimental conditions 
required to demonstrate the effect of ATX. 

Materials and Methods 

Plasma membrane preparation 
The nerve plasma membranes used in the pre- 

sent work were isolated from the walking-leg 
nerves of the lobster Panulirus argus. Up to 50 g 
wet-weight of nerves were used at a time. The 
procedure is essentially that previously reported 
[5,31]. Briefly, the nerves were kept in an ice-cold 
0.33 M sucrose solution containing 2 mM MgC12 

and buffered with 10 mM Tris-HCl (pH 7.5) 
(sucrose solution). The amount of sucrose solution 
was adjusted to 2 ml per g of wet nerve. The 
nerves were minced in a blender at 12000 rpm 
during 1 min per g of wet nerve, with 30-s inter- 
vals between minutes. The sucrose solution was 
adjusted again to a new final volume of 10 ml per 
g of wet nerve. The minced tissue was then ho- 
mogenized in a 55 ml glass-teflon pestle, motor 
run homogenizer, approximately 30 ml at a time, 
with 10 strokes at 9700 rpm. The homogenate was 
then centrifuged at 85000 × g for 30 min. The 
pellets were resuspended in sucrose solution to a 
final volume corresponding to 45 ml per g of wet 
nerve and homogenized again with 10 strokes at 
9700 rpm. This homogenate was layered on top of 
a solution containing 1.12 M sucrose, 2 mM 
MgC12, and 10 mM Tris-HCl (pH 7.5), and 
centrifuged in a swinging rotor at 65 000 × g for 
60 min. Plasma membranes banding at the inter- 
face on top of the 1.12 M sucrose solution were 
collected, diluted 3-fold with 10 mM Tris-HC1 
(pH 7.5) containing 2 mM MgC12, and centri- 
fuged at 85 000 × g for 30 min. The membrane 
pellets were resuspended in 0.78 M sucrose, 10 
mM Tris-HCl (pH 7.5), homogenized by hand 
with three strokes in a glass-teflon pestle homo- 
genizer and kept at - 7 0 ° C  until use. The temper- 
ature during the isolation procedure was 4°C. The 
final protein concentration was approximately 10 
m g /m l .  
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Experimental solutions and neurotoxins 
In  o rder  to test  d i f ferent  assay condi t ions ,  

m e m b r a n e  vesicles and  p ro t eo l iposomes  were pre-  
pared ,  as ind ica t ed  below, in solu t ions  with vari-  
ous ionic  compos i t i ons  ( in ternal  solut ions)  and  
la te r  d i lu ted  in 22Na-conta in ing  solut ions  (exter-  
nal  solut ions)  with the same or  di f ferent  ionic  
compos i t i on  than  the respect ive  in terna l  media .  
The  compos i t ion  and  abbrev ia t ed  iden t i f ica t ion  of  
the solu t ions  used in the presen t  work  are  given in 
Tab le  I. Al l  reagents  were ob ta ined  f rom Sigma 
Chemica l  Co., St. Louis,  MO.  22Na as NaC1 in 
wate r  solut ion,  carr ier  free, 13.22 m C / m l ,  was 
o b t a i n e d  f rom New Eng land  Nuclear ,  Boston,  MA.  

The  neuro tox ins  used were the following: 
c i t ra te-f ree  Te t rodo tox in  (TTX),  M r 319.28, f rom 
Calb iochem,  San Diego,  CA;  Vera t r id ine  (VER),  
M r 673.81, was pur i f ied  in our  l abo ra to ry  accord-  
ing to K u p c h a m  et al. [32] f rom commerc ia l  
vera t r ine  ob ta ined  f rom Sigma Chemica l  Co., St. 
Louis ,  MO;  lyophi l ized  sea anemone  toxin II  f rom 
Anemonia sulcata (ATX),  M r 4770, was ob ta ined  
th rough  a k ind  gift of  Professor  L. Beress, Chris-  
t i an -Albrech t s  Univers i ty ,  Kiel ,  F .R .G. ,  and  f rom 
Fe r r ing  G m b H ,  Kiel,  F .R .G .  Stock solut ions  of  
the toxins were p r e p a r e d  as follows: 1 m M  TTX 
dissolved in 10 m M  acet ic  acid;  50 m M  V E R  in 
95% ethanol ,  and  A T X  (0.1 mg ampoules)  dis- 
solved to 200 /~M in b id is t i l led  water.  The  TTX 
and  V E R  stock solut ions  were kep t  in the refr iger-  
a to r  at 4 °C ,  and  that  of  A T X  was frozen at 

- 20 o C unt i l  use. 

Preparation of membrane vesicles 
Frozen  p l a s m a  membranes  were thawed,  and  

then d i lu ted  5-fold with a given in ternal  solut ion 

(see Table  I for  the compos i t ion  of  the solut ions)  
to a f inal  p ro te in  concen t ra t ion  of  abou t  2 m g / m l .  
The  suspens ion  was then incuba ted  for 10 min  at  
3 0 ° C  and  af ter  this t ime cent r i fuged at  48 000 x g 
for 10 min at 4°C.  The  pel let  was resuspended  in 
the same in terna l  so lu t ion  used for  incuba t ion  to a 
f inal  p ro te in  concen t ra t ion  of  abou t  10 m g / m l ,  
r ehomogen ized  b y  hand  with three s trokes in a 

glass- tef lon pest le  homogenize r  and  kept  in ice 
unt i l  use. 

Preparation of the proteoliposomes 
The  p rocedure  used to p repa re  the unfrac-  

t ionated ,  de te rgen t -ex t rac ted  m e m b r a n e  par t ic les  
used to make  the p ro teo l iposomes  was s imilar  to 
the one  descr ibed  in a previous  work  [5]. F rozen  
lobs ter  nerve p l a sma  membranes  were thawed as 
ind ica ted  above,  then d i lu ted  24-fold with a solu- 
t ion conta in ing  0.5 M NaC1, 1 m M  E D T A  and  10 
m M  Tris-HC1 ( p H  7.5) and  then cent r i fuged at 
1 5 0 0 0 0 × g  dur ing  30 min. A b o u t  75% of  the 
ini t ial  total  p ro te in  was recovered in the pel lets  
which were then resuspended  to a final  p ro te in  
concen t ra t ion  of  8 to 10 m g / m l  in an ice-cold 
so lu t ion  Of 0.35 M sucrose, 10 m M  Tris-HC1 (pH 
7.5) con ta in ing  25 m g / m l  of  total  soybean  l ipids  
(Asolect in ,  Assoc ia ted  Concentra tes ,  W o o d  Side, 
L.I.,  NY).  To this suspension,  20% sod ium chola te  
was a d d e d  to reach a final  de tergent  concen t ra t ion  

TABLE ! 

COMPOSITION OF THE SOLUTIONS USED AS INDICATED IN THE TEXT AND FIGURES AS INTERNAL AND 
EXTERNAL EXPERIMENTAL MEDIA OF THE NERVE MEMBRANE VESICLES AND OF THE PROTEOLIPOSOMES 

The K +, Na + and Tris + phosphate solutions (KPi, NaP i and TrisPi, respectively) were prepared titrating the hydroxide salts of the 
respective cation with H3PO 4 to pH 7.4. The choline phosphate (ChoPi) solution was prepared by titrating choline bicarbonate with 
H3PO 4 to pH 7.4. To prepare TrisC1, Trizma-base was titrated with HC1 to pH 7.4. 

Solution Concentration in mM 
identification KP i NaP i ChoP i ChoC1 TrisP i TrisC1 MgS04 

K P  i 300 1 . . . .  2 
N a P  i - 301 . . . .  2 
C h o P  i 1 300 - - - 2 
ChoCl 1 - 300 - - 2 
TrisP i 1 - - 300 - 2 
TrisC1 - 1 - - - 300 2 



of 0.5% in the sample. This was carefully mixed 
and after 1 min 250 mM octyl glucoside was 
added to obtain a final concentration of 30 raM. 
The detergent-treated suspension was let sit in ice 
for an additional 9 min period. After this time, the 
mixture was centrifuged at 100 000 × g during 40 
min. The supernatant was carefully collected and 
diluted 24-fold with internal solution, and centri- 
fuged again at 150000 × g during 40 min. The 
pellets were resuspended with internal solution 
containing 0.1 M sucrose, to a final protein con- 
centration of 1 to 2 m g / m l  and then incubated at 
35 °C  for 10 min. These unfrac t ionated ,  
detergent-extracted membrane particles were im- 
mediately used for reconstitution. 

The reconstitution procedure employed to in- 
corporate the membrane particles into the lipo- 
somes was the freeze-thaw-sonication procedure 
of Kasahara and Hinkle [30] as described in a 
previous work [5]. The liposomes were prepared 
by suspending 80 m g / m l  of soybean lipids in 
internal solution. Once the lipids were soaked, the 
suspension was sonicated in aliquots of 1 ml at 
room temperature in a bath sonicator of 80 kHz 
(model T 80-1-KS, Laboratory Supplies, Hicks- 
ville, NY). The suspension was sonicated until it 
became translucent. Once sonicated, all the 
aliquots were pooled, and kept in a nitrogen atmo- 
sphere at 4°C until use. 

The suspension of unfractionated, detergent-ex- 
tracted particles was mixed with an equal volume 
of the suspension of soybean liposomes to obtain 
a lipid : protein ratio by weight of 40 : 1. Aliquots 

of 0.3 ml of the lipid : protein mixture were placed 
in glass tubes which contained the toxins or their 
solvents. Prior to sonication the air of the tubes 
was replaced with nitrogen, each tube was capped 
with parafilm, its content frozen in a solid CO2/  
acetone mixture for 1 rain, thawed gently agitating 
the tubes in water at room temperature approxi- 
mately 1.5 min, and then sonicated, one at a time, 
for 15 s in the bath sonicator filled with ice/water .  
The toxins were added to the media before recon- 
stitution in order to ensure their interaction with 
the receptor-sites. 

:2Na flux assays 
The 22Na flux assays were done following the 

procedure described by Gasko et al. [33]. The 
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22Na influx determinations were initiated by the 
addition of 10 /~1 of either the membrane vesicle 
suspension or the proteoliposome suspension to 
190/~1 of the 22Na labeled external solution (1/~Ci 
22Na/ml)  with the toxins a n d / o r  their solvents, 
at room temperature (21-24°C).  Uptake periods 
were then ended by the addition of 5 t~l of ice-cold 
50 I~M TTX; 175 /~1 of this mixture were then 
passed through a Pasteur pipette-size column of 
Dowex 50W-8, 50-100 mesh (Sigma Chemical 
Co., St. Louis, MO). The sample was eluted with 2 
ml of an ice-cold 0.5 M sucrose solution, buffered 
with 10 mM Tris-HC1 (pH 7.5). Right before use, 
the Dowex columns were pretreated with 100/~1 of 
100 m g / m l  bovine serum albumin (Albumin Stock 
Stolution, Sigma Chemical Co., St. Louis, MO) 
and washed with 3 ml of the 0.5 M sucrose 
solution. The material eluted from the Dowex 
columns was received in scintillating counter vials, 
5 ml of scintillating liquid was added, and the 
vials were counted in a Packard Tricarb, model 
3310, or a Beckman, model LS 7800. 

Protein concentration 
Protein measurements were done according to 

the procedure described by Lowry et al. [34]. 

Results and Discussion 

L Plasma membrane vesicles 

Experimental conditions 
Due to the voltage dependence of the binding 

of a a-toxins to their receptor sites, the establish- 
ment of an electrochemical potential difference 
across the membrane was considered a necessary 
experimental condition to observe the action of 
ATX on the 22Na flux occurring through the Na + 
channel. Thus, an ionic gradient of a permeable 
cation which would in turn generate a diffusion 
potential was established. Since K ions are readily 
permeable through plasma membranes, a K ÷ dif- 
fusion potential ([K ÷ ]i > [K ÷ ] e) was created dilut- 
ing the K + loaded vesicles in solutions containing 
cations like choline (Cho ÷) and Tris ÷, usually less 
permeable than K ÷. 

In order to determine in which media the ac- 
tion of the toxins on the Na + channel could be 
detected, the 22Na influx was measured in the 
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absence of toxins (control), in the presence of 
ATX a n d / o r  VER, and of the same concentration 
of ATX a n d / o r  VER plus TTX. The 22Na influx 
was calculated from the uptake measured after the 
first 30 s of exposure to the 22Na-containing solu- 
tion. As it is discussed in the paragraphs concern- 
ing the time-course of 22Na uptake by the vesicles, 
the influx calculated from uptake measurements 
made even during the first 30 s can be affected by 
22Na efflux and dissipation of the K ÷ gradient 
driving force. The results are expressed in n m o l /  
mg protein per rain. The 22Na influx increment 
due to ATX a n d / o r  VER which is blocked by 
TTX is considered to occur through the Na ÷ 
channel. 

The ratio of the 22Na influx in the presence of 
ATX a n d / o r  VER to that measured in the pres- 
ence of the same concentration of the toxins plus 
TTX is a measure of toxin effect. Table II gives 
the ratios obtained in experiments in which the 

TABLE II 

RATIOS OF THE 22Na I N F L U X  IN T HE  PRESENCE OF 
A N E M O N E  TOXIN II (ATX) A N D  OF V E R A T R I D I N E  
(VER) TO THE I N F L U X  A F T E R  THE A D D I T I O N  OF 
T E T R O D O T O X I N  (TTX) IN M E M B R A N E  VESICLES 
W I T H  I N T E R N A L  A N D  E XT E R NAL  M E DIA OF DIF- 
F E R E N T  IONIC COMPOSITION 

The 22Na influx ratios were calculated from the 22Na influx in 
the presence of  0.1 m M  VER or of 0.5 # M  ATX and the influx 
due to the same concentration of VER or ATX plus 1 # M  
TTX. The compostion of the solutions is given in Table I. 

Experimental solutions 22 Na  influx ratios 

internal external A T X /  V E R /  
(ATX + TTX) (VER + TTX) 

KP  i KP  i 1.08 1.18 
KC1 1.15 1.11 
ChoP i 2.45 2.50 
ChoC1 2.30 2.45 

ChoP i KP  i 1.03 0.95 
KCI 1.00 1.05 
ChoP i 1.20 1.18 
ChoCl 1.12 1.06 

ChoC1 kPi 0.94 0.92 
KC1 1.08 1.03 
ChoCl 1.29 0.96 

TrisP i TrisP i 1.05 1.14 
ChoC1 1.15 1.23 

ionic composition of the internal and the external 
media were varied. Under most of the experimen- 
tal conditions assayed the ratios obtained were 
close to 1. Only when an outwardly directed K ÷ 
gradient was present the ratio became greater than 
1. There was no difference between the ratios 
obtained in chloride and phosphate external solu- 
tions indicating that the nature of the anion of the 
external medium did not affect the results. 

The magnitude of the 22Na influx also varies in 
different external and internal media. Fig. 1 shows 
the 22Na influx under some of the ionic conditions 
given in Table II. In the absence of the K ÷ 
gradient (panels A and B) or when the K ÷ gradi- 
ent is reversed (panels E and F), in addition to the 
absence of ATX and VER effects, the 22Na 
influxes are smaller than in the presence of the 
outwardly directed K ÷ gradient (panels C and D), 
irrespective of the external anion present. When 
the external K ÷ is raised, [K+]e >/[K+]i, a lack of 
effect of ATX and VER could be expected since 
Na ÷ channels are also permeable to K ÷ and 
competition between the two ions could take place. 
However, ion competition would not completely 
account for the diminution of 22Na influxes seen 
even in the absence of toxins (control) or when the 
Na ÷ channels are blocked by TTX. In conditions 
where Cho ÷ or Tris + were used to replace K ÷ in 
the internal and the external media, i.e. in the 
absence of an ionic gradient, the 22Na influx was 
also small even at control and TTX-blocked con- 
ditions (not shown). Therefore, the movement of 
22Na seems to be stimulated by the diffusion of 
K + out of the vesicles due to its gradient. This 
effect could be seen even in the absence of toxins, 
which is the case of our results. 22Na influxes in 
the presence of ATX a n d / o r  VER were even 
greater since these toxins activate the Na+-channel 
mechanism thus opening an additional selective 
pathway. 

Another permeable cation like Na ÷ is expected 
to have a similar effect as K ÷ on the 22Na influx. 
In experiments reported by Garty et al. [35], an 
outwardly directed Na ÷ gradient was shown to be 
useful in the study of VER-stimulated 22Na 
influxes in sonicated synaptosomal membrane 
fragments. Similar results have been obtained by 
Rosenberg et al. [16] and Tomiko et al. [21] for the 
BTX-stimulated 22Na influx into liposomes con- 
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Fig. 1. Initial 22Na flux into lobster nerve membrane vesicles 
in media of different ionic composition and in the absence 
(control, C) or presence of neurotoxins. The toxins used were 
veratridine (VER, V), anemone toxin II (ATX, A), and VER or 
ATX plus tetrodotoxin (TTX, T). The ionic composition of the 
solutions is given in Table I. The membrane vesicles corre- 
sponding to the experiments represented in panels (A) to (D) 
were prepared in 0.3 M KP i as internal solution (i) and diluted 
20-fold in one of the following external solutions (e) containing 
22Na: (A) 0.3 M KPi, (B) 0.3 M KC1, (C) 0.3 M Chop i, and 
(D) 0.3 M ChoC1. The internal solutions in the experiments 
shown in panels (E) and (F) were 0.3 M Chop i and 0.3 M 
ChoCl, respectively, and in both cases the external solution 
was 0.3 M KP i. Each 22Na influx value was calculated from 
the uptake of 22Na measured 30 s after dilution of the mem- 
brane vesicles in the external solution. Values are the mean of 
three iexperiments (_+ S.E.) in A, C, D and E, and of two 
experiments in B and F. 

t a in ing  the reconst i tuted N a  + channel  f rom eel 
electroplax. In  the experiment  shown in  Fig. 2, 
22Na influxes measured in  the presence of the K + 

gradient  (panels A and  B) are compared  to those 
ob ta ined  with a N a  + gradient  (panels C and  D). 
W h e n  a N a  + gradient  was created, 22Na fluxes 
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Fig. 2. Initial 22Na flux into lobster nerve membrane vesicles 
in the presence of outwardly directed K + and Na + gradients. 
The 22 Na influx was measured in the absence of toxins (con- 
trol, C), in the presence of veratridine (VER, V), and of 
veratridine plus tetrodotoxin (TTX, T). The ionic composition 
of the internal and external solutions is given in Table I. The 
vesicles used~in the experiments represented in panels (A) and 
(B) were prepared by using 0.3 M KP i as internal solution, and 
diluted 20-fold in the following external solutions containing 
22Na: (A) 0.3 M ChoC1, and (B) 0.3 M TrisC1. In the experi- 
ments represented in panels (C) and (D) the internal solution 
was 0.3 M NaPi, and the external solutions were 0.3 M ChoC1 
for (C) and 0.3 M TrisC1 for (D). Each 22Na influx value was 
calculated from the uptake of 22Na measured 30 s after dilu- 
tion of the membrane vesicles in the external solution. Each 
value is the mean of determinations done in duplicate. 

were greater than  those due to the K + gradient.  
However,  the ratio of the VER st imulated 22Na 
inf lux to the 22Na inf lux in  the presence of V ER 
plus T-FX was smaller. The 22Na fluxes in  the 
de te rmina t ions  done  with the choline chloride 
solut ion were equal to those ob ta ined  with "Iris 
chloride, for bo th  the K + gradient  and  the N a  + 
gradient  assays. The  higher net  values of 22Na 
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influx seen with the Na  ÷ gradient, even in the 
control and TTX-blocked fluxes, indicate that Na  ÷ 
is more effective than K ÷ in terms of the uptake 
of external Na  ÷. But nevertheless, higher basal 
22Na influxes interfere with the observation of the 
VER stimulated fluxes. For this reason and due to 
the purpose of this work, K ÷ gradients were used. 

The K ÷ gradient was usually formed by a 
20-fold dilution of vesicles prepared in a high K ÷ 
solution into a K+-free medium. This produced a 
20-fold dilution of the external K ÷ (to 15 mM) 
with respect to the internal medium (300 mM). 
Dilution of the vesicles in media with increasing 
external K ÷ resulted in an exponential decay of 
the 22Na influx as shown in Fig. 3. In this figure, 
net toxin stimulated 22Na influxes are plotted 
against the external K ÷ concentration which was 
raised from 15 mM, the normal external con- 
centration, to 300 mM. For both ATX (Fig. 3A) 
and VER (Fig. 3B) the 22Na influx into the vesicles 
decreases with a K0 5 for the external K ÷ con- 
centration of 43 and 32 mM, respectively. The 
control fluxes and the fluxes in the presence of 
TTX also decayed with increasing external K ÷ 
(not shown). The degree to which the 22Na influx 
is reduced by external K ÷ was much higher for 
the toxin-stimulated influx than for control and 
TTX-blocked influxes. Since the effects of ATX 
and VER on 22Na influx are indirect measure- 
ments of the interaction of the toxins with their 
receptors, it was difficult to establish the contribu- 
tion of the voltage dependence of ATX binding to 
its receptor site. The VER stimulated influx also 
decreased with a raise in the external K ÷ con- 
centration not withstanding that the effect of VER 
should increase with depolarization [36,37]. The 
VER concentration used was saturating (see Fig. 
7) so any further increase in VER binding would 
not become evident from the flux determinations. 
Linear transformations of the data in Figs. 3A and 
3B, did not show any clear deviation from linear- 
ity. Further work needs to be done to clarify this 
point. Determinations of the binding of radio- 
labeled ATX could give a better insight on the 
voltage dependence of the interaction of ATX 
with its receptor site. 

Time-course of 22Na uptake by the vesicles 
The 22Na  flUX into the vesicles was also fol- 
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Fig. 3. Effect of external K + concentration on the net incre- 
ment of the 22Na influx caused by anemone toxin II (ATX) 
and by veratridine (VER) in vesicles containing 0.3 M KP i. 
The vesicles were prepared in KP i internal solution and diluted 
20-fold in ChoCl external solution containing different amounts 
of KP i. External K ÷ was raised by replacing ChoCl by KP i. In 
(A) the net increment was calculated from the influx in 0.5/zM 
ATX minus the influx in the same concentration of ATX plus 
1 #M tetrodotoxin (TTX). In (B) the net increment was 
calculated from the value obtained in 0.1 mM VER minus the 
influx in the presence of the same VER concentration plus 1 
/~M TTX. Individual 22Na influx values were calculated from 
the uptake of 22Na during the first 30 s after dilution of the 
membrane vesicles inthe corresponding external solution con- 
taining 22Na. 

lowed as a function of time. Figs. 4 and 5 show 
the effects of ATX and VER on the time-courses 
of 22Na uptake in the presence of the K ÷ gradi- 
ent. Fig. 4 shows the time-course in the absence of 
toxins (control), in the presence of 200 # M  VER, 
and in 200 #M VER plus 1 #M TTX. The 22Na 
influx was followed up to 2 rain and it can be 
observed that the 22Na in the vesicles increases as 
a hyperbolic function of time. Differences be- 
tween VER and VER plus TTX uptakes are 
observed even at 15 s, the shortest time tested. 
Due to the limitations of the method, periods 
shorter than 15 s gave erratic results. In Fig. 5, the 
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time-course of 22Na uptake in the absence of 
toxins (control) and in the presence of 5 / tM VER, 
0.05 /~M ATX, and of 5 /~M VER plus 0.05 /zM 
ATX is followed up to 10 min. The difference 
among fluxes becomes constant from the 2 min 
uptake on. Depending on the concentration of 
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Fig. 5. Time-course of 22Na uptake by membrane vesicles in 
the absence of toxins (control), in the presence of veratridine 
(VER), anemone toxin II (ATX), and of VER plus ATX. 
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toxins, after the first 10 rain the 22Na inside the 
vesicles starts to decrease, this being more noticea- 
ble for high toxin concentrations or when both 
toxins are present (see for example the 10 min 
point of the VER plus ATX curve in Fig. 5). The 
effect of time may well be explained by the pro- 
gressive decay of the diffusion potential due to the 
diffusion of the internal anion and to the dissipa- 
tion of the K ÷ concentration gradient, as this ion 
diffuses out of the vesicles during the 22Na influx 
measurement in exchange for external ions. Simi- 
lar results have been reported by Garty  et al. [35] 
and by Tomiko et al. [21] for N a  + flux determina- 
tions under a Na  + gradient. 

The 22Na influx values were calculated from 
the 22Na uptake after the first 30 s. At 30 s the 
22Na influx is greater than after longer periods, it 
is closer to the influx calculated from 15 s uptake 
and, due to the limitations of the assay, the accu- 
racy in the determinations is greater than for 
shorter periods. Nevertheless it should be pointed 
out that even during the first half minute, some 
efflux plus dissipation of the K + gradient driving 
force can affect the uptake determinations. 

Characterization of the action of anemone toxin H 
and oeratridine on the 22Na influx 

In the initial work carried out on the Na  + 
channel in isolated lobster nerve plasma mem- 
branes [38], it was observed that the rate of 22Na 
efflux from preloaded vesicles was increased by 
veratrine ~a mixture of veratrum alkaloids contain- 
ing veratridine), even when the ionic composition 
of the internal and external media was the same; 
the increment caused by veratrine was abolished 
by the addition of TTX. The internal and external 
media were artificial sea water, a solution which 
contains: 450 mM NaC1 and 10 mM KC1, plus 
other salts. Under  those conditions, 22Na efflux is 
due to passive ion exchange. The action of the 
toxin was observed through the modification of 
the rate of efflux rather than the efflux values 
themselves. In those experiments the difference 
between the veratrine modified efflux and that in 
the presence of TTX was small. 

In the present work, along with the effect ot 
ATX, the actions of VER and of TTX under the 
new experimental conditions were also studied. 
Dose-response curves for ATX, VER, and for 
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ATX plus VER on 22Na influx, are shown in Figs. 
6 and 7. The inhibition by TTX (Fig. 8) will be 
treated in the next section. 

Fig. 6A shows that the 22Na flux into the 
membrane vesicles increases from the control value 
as a hyperbolic function of ATX concentration to 
become saturated at about 0.5 #M AT)(. The 22Na 
influxes were calculated from 1-min uptakes at 
different toxin concentrations. The dose-response 
curve shown was calculated from the Eadie-Hof- 
stee linear transformation shown in the inset of 
Fig. 6A. From this transformation, the maximum 
22Na influx was 9.5 nmol /mg protein per rain 
and the Ko. 5 of ATX was 135 nM. Fig. 6B shows 
the dose-response curve obtained for VER and for 
VER in the presence of 0.05 #M ATX under the 
same experimental conditions. This ATX con- 
centration by itself, as shown in Fig. 6A, had a 

small effect on 22Na influx. As for ATX alone, the 
22Na influx is a hyperbolic function of VER con- 
centration, either in the presence or in the absence 
of ATX. The K0 5 calculated for VER alone was 
20 /~M and the saturated influx, 10.8 nmol/mg 
protein per min. In the presence of 0.05 #M ATX 
the dose-response curve for VER was shifted to- 
wards smaller VER concentrations; the calculated 
K0. 5 for VER in the presence of 0.05 /~M ATX 
was 1.5 #M VER, a 10-fold decrease in the K0 5 
with respect to that determined with VER alone. 
The maximum 22Na influx was 11.4 nmol/mg 
protein per rain, a value similar to that calculated 
for VER alone. 

In Fig. 7, 22Na influx values are plotted against 
the logarithms of the concentrations of ATX, VER, 
and of VER in the presence of 0.05/~M ATX. The 
influx values were calculated from 30-s uptake 
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Fig. 6. Initial 22Na flux into membrane 
vesicles as a function of the concentration of 
toxins, in (A) of anemonotoxin I[ (ATX), and 
in (B) of veratridine (VER), and of VER in 
the presence of ATX. 22Na influx values were 
calculated from the uptake of 22Na during 
the first 60 s after dilution of the vesicles in 
the external solution. The values are the 
mean+ S.E. of three experiments. The insets 
in panels (A) and (B) show the Eadie-Hofstee 
transformations used to calculate the K0.s 
values for the toxins given in the text and the 
best fitting curves of the data exhibited in the 
main panels. 
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Fig. 7. Dose-response curves for the actions of anemone toxin II (ATX), veratridine (VER), and of VER in the presence of ATX, on 
the initial 22Na flux into membrane vesicles. Each 22Na influx value was calculated from the 22Na uptake during the first 30 s after 
dilution of the vesicles in the external solution. The three curves correspond to experiments which were run in parallel with the same 
preparation of membrane vesicles. The best fitting curves and the K0. 5 values for ATX, VER, and VER in the presence of ATX given 
in the figure, were obtained from the linear transformations of the data shown. 

measurements. The three curves were run in paral- 
lel with the same membrane preparation. The 
ZZNa influx in the three cases shows a sigmoidal 
behaviour as a function of the logarithm of the 
concentrations of the toxins. The effect of ATX is 
observed at concentrations two orders of magni- 
tude smaller than those of VER required to obtain 
the same effect. As shown in Fig. 7, the calculated 
K0. s for VER alone was 17/~M, and the maximum 
influx was reached at approx. 100/~M VER. The 
ATX dose-response curve is steeper, the K0. 5 was 
114 nM and saturates at the same level as VER. In 
the presence of 0.05 /~M ATX, the whole VER 
dose-response curve is shifted towards smaller 
VER concentrations. The maximum influx level 
was rapidly achieved and similar to that obtained 
with VER alone. In the presence of 0.05/~M ATX, 
the calculated K0. s for VER was 2.38/~M. 

Though a positive synergistic interaction be- 
tween ATX and VER would cause an increase in 
the maximum level of 22Na influx, this expected 
increment was not clearly observed in any of the 
vesicles preparations assayed, and it may be due 
to the limit imposed by the maximum internal 

vesicular volume available to 2ZNa uptake. Never- 
theless, the 7-10-fold decrease in the K0. 5 for 
VER caused' by the addition of 0.05 /~M ATX 
suggests that a positive cooperation interaction 
between ATX and VER does exist at the Na + 
channels in this plasma membrane as in other cell 
and plasma membrane preparations [23,27,39]. 
BTX which is a more potent toxin than VER but 
interactive with the same type of receptor-site may 
help to clarify this point. If the maximum influx 
level is being limited by the number of receptor 
sites affected by ATX a n d / o r  VER, then BTX 
should give higher influx values. If the maximum 
influx is being determined by the internal vesicu- 
lar volume available, BTX should give a similar 
maximum influx level as ATX a n d / o r  VER and 
the synergistic interaction between ATX and VER 
would not be expected to give greater saturation 
values. 

The results described in this section suggest 
that the receptor sites for ATX and for VER are 
present in the membrane vesicles. The characteris- 
tics of the interaction between the toxins and their 
receptor sites are similar to those described for 
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other membrane preparations. The values of K0. 5 
as well as the range of concentrations at which the 
toxins act are similar to the values previously 
reported for various excitable cells, both for ATX 
[39-45] and for VER [44,46-48] (for reviews, see 
Refs. 22 and 23). It should be noticed, though, 
that in these vesicles with our experimental condi- 
tions, ATX seems to be as potent as VER. An 
effect of ATX in the absence of other toxins is not 
a very common observation itself. Nevertheless, 
ATX has been reported to cause spontaneous fir- 
ing and membrane depolarization of invertebrate 
nerve cells [49] and  to stimulate Na influx in 
neuroblastoma cells [39]. The VER effect we see 
apparently is poor compared to other prepara- 
tions. This could be due to the limitations im- 
posed by the vesicle preparation as mentioned 
above. 

Characterization of the action of tetrodotoxin on the 
22Na influx 

As previously shown in Figures 1, 2 and 4, the 
2ZNa influx increase caused by ATX a n d / o r  VER 
can be blocked by TTX. TTX abolishes at least 
80% of the 22Na influx increment caused by VER 
and the total increase due to ATX. Since the 
receptor sites for ATX and TTX are localized on 
the outer face of the membrane, this suggests that 
at least 80% of the vesicles are oriented outside- 
out; the 20% left, which responds only to VER, is 
most probably oriented inside-out though some 
unspecific effects by VER might be expected spe- 
cially at high toxin concentrations due to its high 
lipid solubility. 

The increment of the 2ZNa influx caused by 
ATX a n d / o r  VER, decreases with increasing TTX 
concentrations as it is shown in panels A, B and C 
of Fig. 8. On the y-axis of each panel the 22Na 
influx in the absence of toxins (control) as well as 
the 22Na influx modified by ATX a n d / o r  VER in 
the absence of TTX are plotted. The insets in each 
panel show the linear transformations used to 
calculate the respective square hyperbolic line best 
fitting the data and the K0. 5 for TTX. 

Fig. 8A shows the inhibition by TTX of the 
increment in the 22Na influx caused by 0.1 mM 
VER. The Ko. 5 calculated from this curve was 27 
nM TTX. In Fig. 8B is shown a similar experi- 
ment in which 0.1 /~M ATX was used. The K0. 5 

value calculated from this curve was 13.4 nM 
q~FX. As shown in Fig. 8C, in the presence of 25 
/~M VER, 0.1 ~M ATX increases the 22Na influx 
from 10 to 18 n m o l / m g  protein per min; TTX 
blocked the 22Na influx modified by both toxins 
with a K0. 5 of 28 nM. The calculated K0. 5 values 
for TTX obtained from curves in which VER was 
present (with or without ATX) were higher than 
those obtained with ATX alone. Notice that the 
Ko. 5 for the effect of TTX on the Na ÷ channel of 
intact lobster nerves is 5.1 nM [50], that for the 
binding of [3H]TTX to the membrane vesicles is 
4.2 nM [31], and the Ko. 5 for the blocking action 
of TTX on the rate of Z4Na efflux from a similar 
preparation of membrane vesicles treated with 
veratrine was 11.9 nM [38]. Differences in ap- 
parent K d values for TTX and in K i values due 
to variations in the ionic strength and cation com- 
position of the solutions are expected (see Ref. 
51). Apparent K d values for STX binding to 
synaptosomal membranes were found to increase 
with increasing ionic strength and increasing con- 
centrations of monovalent and divalent cations. 
The K0. 5 value measured here in the presence of 
ATX is higher than the K0. 5 for the block of the 
ion current in the intact lobster nerve [50] and is 
similar to that determined in membrane vesicles in 
a previous work [38]. Also, by stabilizing an open 
conformation of the channel, VER could be mod- 
ifying the interaction of TTX with its receptor site. 
In this respect, BTZ-activated Na + channels ex- 
hibit a voltage-dependent blockage by STX [52,53], 
a characteristic not apparent in the non-modified 
channel [53]. A higher K0. 5 for TTX in the pres- 
ence of VER and of VER plus ATX, but not with 
ATX alone has been previously reported for NIE 
115 neuroblastoma cells [39]. 

11. Proteoliposomes 

Experimental conditions 
Reconstitution of the Na + channel by incor- 

poration of detergent-extracted, partially purified 
membrane particles from lobster nerves into 
soybean liposomes has been reported earlier [5]. 
The Na transport function was followed using 
22Na influx determinations similar to those de- 
scribed in the present work, though in the absence 
of an ionic gradient. The results revealed that 
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Fig. 8. Inhibition by tetrodotoxin (TTX) of the increment in the initial 22Na influx caused (A) by veratridine (VER), (B) by anemone 
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2 2 N a  influx was increased by VER and the incre- 
ment abolished by TTX. Thus, the integrity of the 
receptor sites for these two types of toxins after 
detergent extraction, partial purification and re- 
constitution was demonstrated. 

In the present work, unfractioned detergent-ex- 
tracted membrane particles were reconstituted into 
soybean liposomes using the same technique re- 
ported above [5] to explore the characteristics of 
the ATX receptor after detergent treatment. The 
effects of VER and of TTX were also studied. As 
mentioned in Materials and Methods, the toxins 
were preent in the reconstitution medium, so that 
the toxin receptor sites of both outside-out and 
inside-out incorporated Na ÷ channels would be 
reached. 

Following the same experimental scheme used 
for the vesicles, the best experimental conditions 
to study the toxin-modified 22Na  influx were first 
explored. Fig. 9 shows 22Na  influx determinations 

carried out in several internal and external media. 
A point to be discussed later but which is im- 
portant to mention is that ATX alone had no 
effect o n  22Na  influx in proteoliposomes even at 
concentrations at high as 10 /~M. Only in the 
presence of VER, high doses of ATX produced an 
increment of the 22Na flux into proteoliposomes. 
An increase of 22Na  influx caused by VER or 
VER plus ATX was only seen when the outwardly 
oriented K* gradient was present. Net 22Na  in- 
flux values were also greater under the influence 
of the K + gradient. On the other hand, TTX 
abolished almost all the increment of the toxin- 
modified flux. It is interesting to point out that 
since TTX was present in both the internal and 
external solutions, the 22Na  influx not blocked by 
TTX is most probably due to unspecific VER 
effects. Another point worth noticing is that the 
absolute influx values obtained in the proteolipo- 
somes were greater than the influxes measured in 
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Fig. 9. Initial 22Na flux into proteoliposomes in media of 
different ionic composition and in the absence (control, C) or 
presence of neurotoxins. The toxins used were veratridine 
(VER), anemone toxin II (ATX, A), and tetrndotoxin (TTX, 
T). The ionic composition of the solutions is given in Table I. 
The proteoliposomes used in the experiments represented in 
panels (A) and (C) were prepared in 0.3 M KP i as internal 
medium (i) and diluted 20-fold in the following external solu- 
tions (e): 0.3 M KP i for (A) and 0.3 M ChoP i for (C). The 
internal solution in the experiments shown in panels (B) and 
(D) was 0.3 IV[ Chop i and the corresponding external media 
were for (B) 0.3 M ChoP i and for (D) 0.3 M KP i. Each 22Na 
influx value was calculated from the uptake of 22 Na during the 
first 15 s after dilution of the proteoliposomes in the corre- 
sponding external solution containing Z2Na. Values are the 
mean _4_- S.E. of three experiments. 

the membrane vesicles. As shown in Fig. 10, the 
net 22Na uptake was greater too. 

The comparatively higher 22Na flux into the 
protoeliposomes, even in the controls, may be due 
to an increment of the total internal volume avail- 
able for 22Na uptake in the proteoliposomes as 
compared to an equivalent preparation of mem- 
brane vesicles. Nevertheless, the ratios of toxin 
increased 22Na influx to TTX-blocked influx were 

smaller for the proteoliposomes than for the mem- 
brane vesicles. The dispersion of the data observed 
with the proteoliposomes is probably due to the 
effect of the sonication step during reconstitution, 
since each tube was sonicated separately. 

Time-course of 22Na uptake by proteoliposomes 
Fig. 10 shows a typical experiment where 22Na 

uptake by the proteoliposomes was followed as a 
function of time. The 22Na uptake measured in 
the absence of toxins (control), in the presence of 
500 #M VER plus 1 #M ATX, and the curve 
obtained when in addition to VER and ATX, 1 
/~M TTX was present, are shown. The 22Na up- 
take was followed up to 1 min. 22Na uptake by the 
proteoliposomes tends to saturate at shorter time 
periods than in the vesicle preparation. This is 
probably due to a large population of small pro- 
teoliposomes. On the other hand, the curves of the 
toxin-increased and the TTX-blocked uptakes tend 
to converge with time giving influx ratios which 
were smaller for longer uptake periods. 22Na in- 
flux determinations were thus done at 15 s, the 
shortest time allowed by the method. Again, worth 
mentioning is the magnitude of the 22Na uptake 
by the stimulated and unstimulated proteolipo- 
somes. The uptake is at least three times greater 
than that observed in membrane vesicles (see for 
comparison Fig. 4). 
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Fig. 10. Time-course of 22Na uptake by proteoliposomes in the 
absence of toxins (control), in the presence of veratridine 
(VER) plus anemone toxin II (ATX), and with the same 
concentration of VER and ATX plus tetrodotoxin (TTX). 



Characterization of the action of anemone toxin H 
and veratridine on the 22Na flux into proteolipo- 
somes 

As previously mentioned, concentrations of 
ATX alone as high as 1 #M and 10 #M were 
tested and no significant increase of the 22Na 
influx was observed. Only in the presence of VER 
did ATX have an effect but high concentrations of 
ATX were required. Fig. 11 shows dose-response 
curves for VER in the absence and in the presence 
of 1/~M ATX and 10 #M ATX. The 22Na influx 
in the absence of toxins (control) is drawn on the 
y-axis. In the absence of VER neither concentra- 
tion of ATX modified the control level of 22Na 
influx, as indicated by the common intercept of 
the three curves. These curves tend to saturate at 
around 100/zM VER. The maximum influx level 
though was different for each curve increasing 
with the ATX concentration. Eadie-Hofstee linear 
transformations of these curves gave K0. 5 values 
of 52 #M for VER, 16.5 #M for VER plus 1/~M 
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Fig. 11. Dose-response curves for the actions of veratridine 
(VER) alone, and VER plus two different concentrations of 
anemone toxin II (ATX), on the initial 22Na influx into 
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is also represented. Each 22Na influx value was calculated 
from the 22Na uptake during the first 15 s after dilution of the 
proteoliposomes in the external solution containing 22Na. The 
best fitting curves and the K0. 5 values given in the text were 
obtained from the linear transformations of the data shown. 
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ATX, and 20 #M for V ER plus 10 #M ATX. It 
appears, that the decrease in K0. 5 for VER caused 
by ATX was not proportional to the concentration 
of ATX. A concentration 10-times higher at ATX 
gave a K0. 5 similar or even greater than the value 
determined in the presence of 1 #M ATX. How- 
ever, the dispersion of the data introduced some 
uncertainty on the Ko. 5 values. Nevertheless, in 
the presence of ATX there seems to be a tendency 
to diminish the concentration of VER required to 
produce 50% of its effect. The results described 
here could indicate a loss of affinity of the ATX 
receptor site due to the detergent treatment a n d / o r  
the reconstitution method. In experiments not 
shown, untreated fragments of membrane were 
incorporated into soybean liposomes using the 
same freeze-thaw-sonication reconstitution tech- 
nique. In those experiments, ATX did modify the 
22Na flux into the proteoliposomes but higher 
concentrations of the toxin were required. Never- 
theless, the concentrations of ATX used were not 
as high as those needed to observe any effct with 
the proteoliposomes formed with detergent-ex- 
tracted membrane particles. From those results it 
is possible to conclude that both the detergent- 
treatment and the reconstitution method may be 
altering the affinity of the ATX receptor site. 
Since the action of VER was not greatly altered, 
as judged by the calculated K0. 5 value and by the 
range of concentrations at which it acts, the recep- 
tor site for this toxin must be better preserved 
during the whole process. The effect of ATX in 
the presence of VER might be a consequence of 
the cooperative interaction between these two 
toxins, VER increasing the otherwise low affinity 
for ATX. 

Evidences of loss of affinity of the receptor site 
for polypeptide toxins after detergent treatment 
and reconstitution have been reported in prepara- 
tions of purified Na ÷ channels from other mem- 
brane sources [16,17]. In all reports, the recon- 
stitution of the functional properties of the recep- 
tor sites for the VER-like toxins and for TTX and 
STX, was achieved. The receptor site for the a- 
polypeptide toxins suffers modifications which can 
be detected from a total loss of the toxin effect to 
a significant diminution of the toxin-binding capa- 
bility. Loss of affinity of the receptor site seems to 
be the most suitable explanation. 
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Characterization of the action of tetrodotoxin on the 
2:Na flux into proteoliposomes 

The increment of 22Na flux into the proteolipo- 
somes caused by VER and VER plus ATX was 
blocked by TTX. As mentioned previously, a total 
blockage by TFX was not achieved. There was 
always a fraction of the 22Na influx increment 
insensitive to TTX, maybe due to an unspecific 
action of VER. The curves shown in panels A and 
B of Fig. 12, describe the effect of increasing the 
TTX concentrations on the 22Na influx caused by 
0.1 mM VER, and by 0.1 mM VER plus 10 /~M 
ATX, respectively. The control 22Na influx is also 
shown. In the insets, the linear transformations of 
the curves described by the experimental data are 
exhibited. The points corresponding to 250 nM 
TTX in both cases were excluded from the calcu- 
lation since they obviously deviate from the gen- 
eral tendency. The calculated K0. 5 values were 13 
nM TTX for the increment of the 22Na influx 
caused by VER alone (Fig. 12A) and 14 nM TTX 
for VER plus 10 ktM ATX (Fig. 12B). In both 
cases, saturating concentrations of TFX inhibited 
about 85% of the toxin-stimulated 22Na influx. In 
contrast to what had been observed in the vesicle 
preparations, the K0. 5 values for TTX in the pro- 
teoliposomes treated with VER are closer to the 

values reported previously by our laboratory for 
the 50% blockage in intact nerves [50], for the 
binding of [3H]TTX to membrane vesicles [31] 
and for the blockage of the VER-stimulated 24Na 
efflux from membrane vesicles [38]. 

In conclusion, an outwardly directed K ÷ gradi- 
ent across membrane vesicles and proteoliposomes 
seems to be a helpful tool in determining toxin- 
modified ion fluxes through the Na ÷ channel. 
Membranes isolated from the lobster walking-leg 
nerves have receptor sites for ATX, VER, and 
TTX, as evidenced by the toxin-modified 22Na 
influx. ATX, VER, and TFX modified the rate of 
22Na uptake into the lobster nerve membrane 
vesicles with characteristics similar to those de- 
scribed previously in intact excitable cells. Deter- 
gent-treatment of lobster nerve plasma membrane 
followed by incorporation of the extracted mem- 
brane particles into liposomes seems to affect the 
receptor-site for ATX, leaving the VER and the 
TTX receptors essentially unaffected. The char- 
acteristics of the interaction of the ATX with its 
receptor site described in the present work may 
help to preserve the polypeptide toxin receptor 
site in further attempts of isolation, purification 
and reconstitution. 
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Fig. 12. Inhibition by tetrodotoxin (TTX) of the increment in the initial 22Na influx caused (A) by veratridine (VER), and (B) by 
VER plus anemone toxin II (ATX). Each influx value was calculated from the 22Na uptake during the first 15 s after dilution of the 
proteoliposomes in the corresponding external medium containing 22Na. The inset in each panel shows the linear transformation of 
the data used to calculate the best fitting curves and the /Co. 5 values for the action of TTX given in the text. F v and FAv and the 
influxes in the presence of VER and of VER plus ATX; Fvr and FAv- r are the values obtained with different concentrations of TTX. 
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