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A great deal of effort has been con- 
centrated on purifying and elucidating 
the structure and toxicology of snake 
neurotoxins. The amino acid sequence 
(1) and the number and position of di- 
sulfide bonds (2) of several toxins have 
been determined, and some preliminary 
x-ray crystallography studies of erabu- 
toxin have been reported (3). It was 
shown that the basic structure of era- 
butoxins, cobrotoxin, and bungarotoxins 
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is the same and that only some amino 
acid positions are variable (1). 

Changeux et al. showed that a-bun- 
garotoxin acts somewhat like curare at 
the synapses of the electroplax, the only 
differences being its greater potency 
and its irreversibility (4). Miledi et al. 
(5) used bungarotoxin and Meunier et 
al. cobrotoxin (6) to isolate a protein 
fraction which showed AcCh-receptor 
binding characteristics. Earlier studies 
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have shown that the tryptophan residue 
in position-29 (7) and the integrity of 
the disulfide bonds (8) are essential for 
activity. These experiments were done 
on whole animals and nothing was 
known about the tertiary structure of 
the toxins and the nature of receptors. 
Therefore, these experiments were re- 
peated on the electroplax preparation 
(9) where much information about the 
receptor has been obtained during the 
last decade. 

X-ray crystallography suggests that 
the erabutoxin may be a flattened, disk- 
shaped molecule with little helical struc- 
ture (3). The tryptophan residue in 
position-29 and the disulfide linkage 3 
to 24 are very likely at the surface of 
the molecule. The distance between the 
tryptophan residue and this disulfide 
bridge could be as little as 10 A. Hence 
the tryptophan residue might possibly 
act as the affinity binding site and 
a disulfide exchange between the toxin 
and the disulfide bond of the receptor 
site may take place. Reduction of the 
receptor with dithiothreitol (DTT) has 
been shown to reduce the effects of 
carbamylcholine (10). However, the 
reduction of the receptor did not pre- 
vent the irreversible action of the co- 
brotoxin, and neither 3,3'-dithiobis[6- 
nitrobenzoic acid] (DTNB) nor choline- 
thiol could cause a reversal of the 
inhibitory effect of the neurotoxin. On 
the other hand, if the neurotoxin was 
treated with 5 X 10-4M DTT at pH 
8.0 for 10 minutes before the applica- 
tion to the electroplax, the activity of 
the toxin was reduced considerably, and 
activity could be restored completely 
after reoxidizing the stock solution with 
1 x 10-3M DTNB (Fig. 1). Although 
a disulfide interaction between toxin 
and receptor has not been ruled out 
completely by these experiments, it 
seems more likely that a complemen- 

Fig. 1. Potential recording of the inner- 
vated membrane of a single electroplax 
from Electrophorus electricus. (Top A) 
Control response to 5 X 10-5M carbamyl- 
choline (CC). (Top B) Reduced response 
to 5 X 10-5M carbamylcholine after the 
cell was exposed to cobrotoxin (0.001) 
mg/ml) for 10 minutes. (Bottom A) 
Control response to 5 X 10-GM carbamyl- 
choline. (Bottom B) Response to carba- 
mylcholine 5 X 10-5M after the cell was 
exposed to cobrotoxin (0.001 mg/ml) for 
10 minutes which was incubated previously 
with 5 x 10-4M DDT as stock solution 
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Snake Neurotoxins: Effect of Disulfide Reduction 

on Interaction with Electroplax 

Abstract. Reduction of disulfide bonds of cobra neurotoxin by dithiothreitol 
results in decreased activity on the electroplax preparation. Activity is restored 
completely after reoxidation by 3,3'-dithiobis[6-nitrobenzoic acid]. Reduction of 
the disulfide bonds in the vicinity of the receptor does not decrease the effect of 
cobrotoxin. 
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tarity exists between the toxin and the 
receptor protein comparable to an an- 
tigen-antibody reaction, as suggested by 
Changeux et al. (4). The tertiary struc- 
ture of the toxin, which is held together 
by the disulfide bonds, has to be intact 
for activity. 
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The mechanisms of pseudopod ex- 
tension and retraction in large, free- 

living amoebae have remained obscure 
and controversial despite much re- 
search. 

According to the frontal contraction 
model of pseudopod extension (1), 
each advancing pseudopod tip is the 
source of a contraction drawing the 
viscoelastic endoplasm forward, where 
it becomes everted while contracting 
and solidifying to form the ectoplasmic 
tube. The advancing rim of the ecto- 
plasmic tube is thought to consist of 
cytoplasm that has just contracted. The 
frontal contraction model received ex- 
perimental confirmation when a weak 
photoelastic effect near pseudopod tips 
was predicted and observed (2). 

Even if a motive force is applied at 
pseudopod tips, the bulk of endoplas- 
mic streaming might still be attributed 
to a pressure gradient, as was postu- 
lated in the classical explanations of 
Pantin (3) and of Mast (4) and de- 
fended recently by Jahn (5). In fact, 
several investigators (6-8) have inde- 
pendently suggested that more than 
one force-producing mechanism could, 
at the same time or under different 
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circumstances, cooperate to produce 
amoeboid movement. 

We hope that the controversy re- 
garding the possible role of hydrostatic 
pressure in pseudopod extension and 
retraction can be resolved in a direct 
and simple experiment. If a pressure 
gradient is responsible for flow into 
and out of pseudopods, then the re- 
versal of that pressure gradient by suc- 
tion on a pseudopod should cause the 
flow to be reversed. 

Chaos carolinensis, a giant carniv- 
orous amoeba, was cultured in Mar- 
shall's medium (9) and fed Parame- 
cium aurelia every few days. Specimens 
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Fig. 1. Block diagram of the experimental 
arrangement. Abbreviations are: DVM, 
digital voltmeter; BCD, binary coded deci- 
mal output; LED, light-emitting diode. See 
text and notes for details. 
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for study were allowed to fast in fresh 
medium for 1 or 2 days to render them 
maximally active. 

Amoeba proteus was raised in 
Prescott-James medium (10) and fed 
Tetrahymena pyriformis (11). Speci- 
mens were also allowed to fast 1 to 2 
days before experiments. 

Micropipettes were pulled from 
Vycor glass of 6.0 mm outer diameter 
in a Bunsen flame. Final inner diam- 
eters of 80 to 120 ,um were used for 
C. carolinensis and 30 to 70 /um for 
A. proteus. Micropipettes were con- 
nected by Y tubes to a mouth pipette, 
a pressure transducer, and a water 
manometer for calibration (Fig. 1). 

Amoebae were observed with either 
a x6, 0.16 numerical aperture (n.a.) 
objective (for C. carolinensis) or a X 16, 
0.32 n.a. objective (for A. proteus) 
and photographed by a Zeiss photo- 
microscope camera on Kodak Plus-X 
35-mm film. 

When suction was applied, the pres- 
sure difference was recorded directly 
in each film exposure by projection of 
the illuminated digital display into the 
object and image planes. The digital 
display itself was a three-digit light- 
emitting diode (12) connected to a 
circuit which scanned the binary-coded 
decimal output of the digital voltmeter 
(13). The voltmeter registered the 
amplified output of the pressure trans- 
ducer (14). When the camera was acti- 
vated, the pressure difference recorded 
by the pressure transducer was frozen 
until the exposure had ended. A chart 
recorder kept a complete record of 
suction applied and the times at which 
the pictures were taken. 

Contact of the micropipette with the 
uroid (tail) of either species of amoeba 
did not elicit a detectable response. 
The likelihood of response seemed to 
increase when the point of contact 
came closer to advancing pseudopod 
tips. Contact at a tip either caused 
streaming to stop or changed the direc- 
tion of pseudopod extension. 

Suction applied to the tail or to 
retracting pseudopods of either species 
had little effect on streaming until the 
pressure exceeded the yield point of 
the ectoplasmic gel so that cytoplasm 
flowed easily into the tube. The pres- 
sure required to do this varied greatly. 
Once endoplasm had begun to flow 
into the tube, the suction required to 
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sensitively affected the rate of flow of 
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Direct Test of the Positive Pressure Gradient Theory 
of Pseudopod Extension and Retraction in Amoebae 

Abstract. When one pseudopod of an amoeba is sucked into a capillary con- 
nected to a partial vacuum and subjected to a pressure reduction of 30 to 35 
centimeters of water, extension of other pseudopods, exposed to atmospheric pres- 
sure, is not prevented. This result is interpreted to mean that cytoplasmic stream- 
ing cannot be the result of a positive pressure gradient generated along the length 
of the stream, for if it were, streaming would have reversed its direction under the 
applied pressure gradient of opposite sign and supposedly greater magnitude. 
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