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The topology of the interaction of cholera toxin with ganglioside and detergent micelles was studied with the 
technique of hydrophobic photolabelling. Cholera toxin a and ,/polypeptide chains appear to penetrate into 
the hydrophobic core of ganglioside micelles. Micelles of S D S  cause the labelling also of the ~ polypeptide 
chains, while Triton X-lO0 micelles have little ability to mediate the labelling of the toxin. The specific 
reduction of the a - v  disulfide bond allows the penetration of the a polypeptide chain into Triton X-IO0 
micelles, but does not affect the interaction of cholera toxin with either ganglioside or S D S  micelles. Thus, 
ganglioside micelles appear to cause a conformational change of the native toxin, such as to induce the 
penetration of the a chain into the micelle hydrophobic core. 

Introduction 

Several intoxication phenomena involve the 
crossing of the plasma membrane by a protein 
toxic subunit [1]. The trigger of the process is 
considered to be the binding of the toxin to the 
saccharide component, either of a glycoprotein or 
of a glycohpid, on the external surface of the cell 
membrane. However, the molecular steps which 
allow the water-soluble toxin to cross the lipid 
barrier are poorly understood. 

On the basis of nuclear magnetic resonance and 
electron microscopy studies, Cullis and De Kruijff 
[2] have suggested that membrane processes such 

Abbreviations: GMI , galactosyl-N-acetylgalactosaminyl[N- 
acetylneuraminyl]galactosylglucosylceramide; GDla ' N-acetyl- 
neuraminylgalactosyl-N-acetylgalactosaminyl[N_acetyineuram. 
inyl]galactosylglucosylceramide; azidoglycolipid, 12-amino- 
N(2"nitr°'4-azidophenyl)dodecanoyl[6- 3 H]glucosamine; SDS, 
sodium dodocyl sulfate. 
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as fusion and transport may be mediated by a 
transient destabilization of the lipid bilayer struc- 
ture. Freeze-facture experiments have shown that 
within a membrane there are microenvironments 
organized not in a bilayer but in a micellar-like 
structure [3]. Among natural lipids the ganglio- 
sides appear to be good candidates for the forma- 
tion of non-bilayer structures because of their 
large hydrophilic moiety [4,5]. This is reflected by 
the formation in water solutions of rnicelles of 
250-450 kDa at concentrations lower than 10 - 6  M 
[6,7]. Furthermore, even though the two hydro- 
carbon chains of gangliosides allow their insertion 
into the membrane, ganglioside concentrations 
higher than 12-16% with respect to total lipids are 
incompatible with a bilayer organization [8]. Thus, 
if gangliosides reach in selected regions of a bio- 
logical membrane a critical concentration the bi- 
layer may be destabilized. In fact, it has been 
shown that a modification of membrane fluidity is 
detectable when gangliosides are somehow segre- 
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gated in the membrane [9]. In this respect, Kohn et 
al. [10] have advanced the idea that gangliosides, 
acting as emulsifying agents, could allow specific 
water-soluble proteins to interact with the lipid 
bilayer. 

As a matter of fact, gangliosides do show 
emulsifying properties when they interact in micel- 
lar physical form with bovine serum albumin [7,11]. 
As other charged amphiphiles [12], they induce a 
drastic conformational change in the albumin 
structure. However, a major difference was found 
between gangliosides and other amphiphiles, i.e., 
the interaction with bovine serum albumin appears 
to occur via a direct fusion of one molecule of 
protein with one micelle of ganglioside as such, 
containing 340-350 monomers [6]. Thus ganglio- 
sides, if present in micellar-like form on the mem- 
brane, may provide a suitable mean for the entrap- 
ment and transport of water-soluble proteins across 
the lipid bilayer. 

At present a wealth of information is available 
on the specificity and the dynamics of  the interac- 
tion of a water-soluble protein like cholera toxin 
and its membrane receptor, the ganglioside G MI 
[ 13-- 16]. It is generally accepted that the oligosac- 
charide moiety of the glycolipid contains the de- 
terminants for toxin binding. However, while most 
of the attention has been focused on the carbo- 
hydrate moiety of GM1, some authors [17,18] have 
also suggested a role for the lipid portion of the 
ganglioside in mediating the membrane events 
necessary to the action of cholera toxin. Therefore, 
it seemed of interest to investigate a simple model 
made up of ganglioside micelles and cholera toxin 
in order to verify if ganglioside micelles can exert 
a hydrophobic effect on the protein, thus mod- 
ulating the membrane-toxin interactions. For this 
purpose, we have taken advantage of the hydro- 
phobic photolabelling technique, which consists in 
the specific radioactive labelling of those poly- 
peptide chains exposed to the lipid hydrophobic 
milieu [ 19,20]. 

Cholera toxin is a multisubunit protein com- 
posed of three polypeptide chains, a, fl and y, with 
molecular formula ayfl 5. Responsible for the bind- 
ing to the cells are the five identical 13 polypeptide 
chains, forming protomer B. After the binding, a 
series of unknown events lead the a chain to 
penetrate the lipid bilayer and to modify en- 

zymatically a regulatory protein of the adenylate 
cyclase system [21]. In the native toxin the a chain 
is linked through a disulfide bridge to the y chain, 
thus forming protomer A. Protometers A and B 
are non-covalently bound and can be dissociated 
only under denaturing conditions. In the present 
paper we show that micellar gangliosides are able 
to mediate the hydrophobic labelling of the a and 
y polypeptide chains. This specific labelling of 
definite regions of cholera toxin is due to the 
ability of the gangliosides to interact as micelles 
with water-soluble proteins. 

Materials and Methods 

Cholera toxin was a generous gift of Dr. J.L. 
Tayot (Institute Merieux, France); for some ex- 
periments it was also isolated as described by 
Tomasi et al. [22]. Gangliosides GM~ and GOla, 
purified according to Tettamanti et al. [23], had 
the physicochemical characteristics described by 
Corti et al. [6] and were a generous gift of Prof. G. 
Tettamanti, Istituto di Chimica Biologica, Uni- 
versith di Milano. The photoreactive probe 12- 
amino-N-2-nitro-4-azidophenyl) dodecanoyl-[6- 
3H]glucosamine, with a specific radioactivity of 38 
Ci /mmol ,  was prepared as described by Bramhall 
et al. [24]. All operations involving the photoreac- 
tive glycolipid were performed under a red safety 
light. 

Preparation of tagged micelles of amphiphiles. 
Micelles tagged with the azidoglycolipid were pre- 
pared by mixing in chloroform/methanol (2: l, 
v /v)  150 gg ganglioside and 1 pl of an ethanol 
solution containing 1.2/~Ci of the tritium-labelled 
azidoglycolipid. The solutions were taken to dry- 
ness and the tagged micelles were formed by resus- 
pending the lipid mixture in 0.1 ml Tris-HCl buffer 
(pH 8.2)/0.002 M EDTA. The tagged micelles of 
gangliosides were allowed to stand at 20°C for at 
least 1 day before use. Tagged micelles of SDS and 
Triton X-100 were prepared by mixing 2 mg SDS 
or 1 mg Triton X-100, respectively, with 1 #1 of the 
azidoglycolipid in ethanol. After drying, the tagged 
micelles were formed as described above. 

Binding of cholera toxin to micelles of 
amphiphiles. Cholera toxin (0.24 nmol) was in- 
cubated for 1 h at 37°C unless otherwise indicated 
with 0.1 ml suspension of the tagged micelles. 



When necessary, aliquots were withdrawn, at the 
end of the incubation, and reduced by adding 2 
/~mol of reduced glutathione and further incubat- 
ing at 37°C for 30 min. The reduced and unre- 
duced samples were then dialyzed overnight against 
0.1 M Tris-HC1 buffer (pH 8.2)/0.002 M EDTA. 
After dialysis, the samples were irradiated with a 
100 W ultraviolet lamp as described [20]. The 
protein, precipitated by the addition of 0.7 ml of 
cold acetone, was collected by centrifugation in a 
microfuge. The pellets were washed twice with 
cold chloroform/methanol  (2: 1, v /v )  in order to 
remove the gangliosides and, after drying under a 
nitrogen stream, were analyzed by SDS-poly- 
acrylamide disc gel electrophoresis according to 
Swank and Munkres [25]. The gels were stained 
and analyzed as previously reported [20]. 

Results  

Cholera toxin labelling with ganglioside micelles 
Fig. 1A shows the densitometric profile and 

Fig. 1B the labelling pattern of cholera toxin in- 
cubated for 1 h at 37°C with tagged micelles of 
ganglioside G M1. The radioactivity appears mainly 
incorporated into the a and 3' polypeptide chains 
which compose the protomer A. This hydrophobic 
labelling of protomer A can be mediated either by 
the specific interaction of protomer B with the 
oligosaccharide portion of GM~ or by an intrinsic 
ability of ganglioside micelles to induce the 
penetration of the a and , /chains in the lipid core. 
Therefore, we tested a different ganglioside, GD~a, 
which possesses a carbohydrate moiety unable to 
interact with cholera toxin [26]. Fig. 1C shows the 
pattern of labelling obtained with micelles of GDla. 
Also in this case protomer A incorporates all the 
radioactivity associated with the toxin, thus indi- 
cating that GDI ~ micelles are at least as efficient as 
GM~ micelles in mediating hydrophobic interac- 
tions with protomer A. 

Temperature effect on cholera toxin labelling 
Fig. 2 shows that the extent of the interaction 

between protomer A and the micelle hydrophobic 
core is temperature dependent. The sigmoidal pat- 
tern of the curve indicates that this interaction is 
ruled by the laws governing the formation of pro- 
tein-surfactant complexes [12]. Therefore, the abil- 
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Fig. 1. Labelling of cholera toxin bound to ganglioside micelles 
tagged with the azidoglycolipid. (A) Densitometric scan of a 
Coomassie blue-stained gel of the toxin after labelling and 
electrophoresis. (B) and (C) Histograms of the radioactivity 
associated with cholera toxin subunits after incubation with 
GMI and GDI a micelles, respectively. Experimental details are 
indicated in the text. The data relative to the unreduced and 
reduced (shaded area) samples are shown. 

ity to expose cholera toxin hydrophobic surfaces 
should not be a unique property of micellar gang- 
liosides but  also of other micelle-forming 
amphiphiles. 

Cholera toxin labelling with SDS  and Triton X-IO0 
micelles 

Fig. 3A shows that both protomer A and proto- 
mer B are strongly labelled when cholera toxin is 
incubated with SDS-tagged micelles. The labelling 
of the/3 polypeptide chains may be explained by 
the well-known structural rearrangement induced 
by SDS, which will allow the reaction of the 
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Fig. 2. Temperature effect on the labelling of cholera toxin 
after incubation with GMI micelles tagged with the azidogly- 
colipid. Cholera toxin (0.24 nmol) was incubated for I h at the 
temperatures indicated, with 0.1 ml suspension of G ~a i miceiles 
tagged with the azidoglycolipid. At the end of the incubation, 
the samples were illuminated and analyzed as described under 
Materials and Methods. Results are expressed as the total 
amount of radioactivity incorporated into cholera toxin poly- 
peptide chains, as determined after SDS-polyacrylamide gel 
electrophoresis. 

hydrophobic probe with the previously folded 
non-accessible regions of the toxin. Nevertheless, 
the a chain incorporates 4-times as much radioac- 
tivity per mol protein than do the fl and ~, chains. 
These results suggest that the ct chain possesses 
lipophylic peptide segments, in agreement with the 
recent findings of Lai et al. [27], while in this 
respect the fl and 7 chains show a prevalently 
hydrophilic behaviour in agreement with the re- 
ported amino acid sequences [28-30]. 

Fig. 3B shows the labelling pattern of cholera 
toxin in the presence of micelles of Triton X-100 
containing the protoreactive azidoglycolipid. It is 
evident that the interaction of cholera toxin with 
Triton X-100 produces a low labelling. Further- 
more, since the distribution of radioactivity is 
roughly proportional to the protein subunit 
stoichiometry, the micelles of Triton X-100 do not 
appear to be able td recognize specific hydro- 
phobic areas. These data indicate that micellar 
gangliosides, behaving differently from other 
amphiphiles, are able to recognize within an 
oligomeric protein its hydrophobic domains. How- 
ever, an important point to be clarified is to what 
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Fig. 3. Histograms of the radioactivity covalently incorporated 
into cholera toxin subunits after incubation with SDS- (A) or 
Triton X-100- (B) tagged micelles. Experimental details are 
indicated in the text. The data relative to the unreduced and 
reduced (shaded area) samples are shown. 

extent a conformational change is produced dur- 
ing the formation of micellar ganglioside-protein 
complexes and whether this structural rearrange- 
ment is involved in the unmasking of the hydro- 
phobic peptides. 

Effect of reduction of the a-7 disulfide bridge on 
cholera toxin labelling 

An event that seems to unmask hydrophobic 
regions in cholera toxin is the splitting of the 
disulfide bridge which holds together the two func- 
tional regions a and ,//35 [22,31,32]. The reduction 
of this disulfide bridge leads to a slow dissociation 
of the a chain from the ~f15 region with the forma- 
tion of water-insoluble aggregates. Moreover the 
reduction of the disulfide bridge, which is a prere- 
quisite for the activation of the enzymic a subunit 
[33], is a structural event which permits the lipid 
insertion of the active a chain [31]. Therefore, we 
investigated the possible relationship between the 
area disclosed by the splitting of the disulfide 
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bridge and the area recognized by micellar gang- 
liosides, performing experiments of hydrophobic 
photolabeUing on reduced cholera toxin. These 
experiments were based on the assumption that if 
the reduction unmasks a new lipophylic area, an 
increase of labelling should be measured. The fact 
that no significant differences of labelling are visi- 
ble using either ganglioside GMI or GD~ a (Fig. 1, 
shaded area), is indicative of a similar size of the 
areas unmasked either by the reducing agents or 
by the micelles of ganglioside. Conversely, the 
treatment with reducing agents produces a strong 
labelling of only the a subunit in the presence of 
Triton X-100 (Fig. 3A). This result confirms that 
the splitting of the disulfide bridge induces the 
exposure of hydrophobic areas on the a chain 
surface. 

Discussion 

This paper presents information on the hydro- 
phobic interaction of cholera toxin with micelles 
of gangliosides and of ionic or neutral detergents 
such as SDS and Triton X-100. 

Protomer A alone is labelled by the lipid hydro- 
phobic probe when cholera toxin is incubated with 
ganglioside micelles. Our results show the occur- 
rence of a particular type of interaction between 
the proteins and the gangliosides in micellar form. 
In fact, identical results were obtained both with 
the specific ligand of cholera toxin, ganglioside 
GMt, and ganglioside GD] a, which is unable to 
interact with the binding region protomer B [26]. 
These results suggest that the forces driving the 
insertion of protomer A into the lipid milieu, 
rather than the specific interaction of the fl chains 
with ganglioside G M~, are the surfactant properties 
of the ganglioside micelles. In micellar physical 
form the gangliosides do show these properties in 
other experimental systems [7,11]. In addition, the 
experiment of Fig. 2 shows that the thermody- 
namics of the formation of cholera-toxin micellar 
ganglioside complexes appear to be similar to the 
formation of protein-detergent complexes [12]. 

The differences observed between the labelling 
patterns obtained with gangliosides and SDS, or 
Triton X-100, may arise from the dissimilar way in 
which the gangliosides and the two detergents 
interact with proteins. While SDS, producing a 

drastic conformational change in the protein struc- 
ture, mediates the hydrophobic labelling of the 
entire toxin, Triton X-100, which surrounds the 
lipohilic domains without affecting the integrity of 
the protein structure [34,35], appears to be less 
effective than GM~ or GD~ a. In contrast, both 
gangliosides in micellar form have the property of 
forming stable stoichiometric complexes with 
water-soluble proteins (Ref. 11 and unpublished 
results). Such a stability seems to be achieved as a 
consequence of conformational changes wherein 
the hydrophobic side-chains of the protein become 
inserted into the lipophilic milieu of the ganglio- 
side micelle. 

In the model system described in this paper, of 
the entire toxin only protomer A shows a marked 
preference for being in a hydrophobic environ- 
ment. Therefore, local rearrangements of the pro- 
tein structure should occur as a part of the associa- 
tion process, in order to expose on protomer A 
sufficiently large hydrophobic areas to constitute 
binding sites for the amphiphilic ganglioside. This 
hypothesis is supported by the following evidence: 
(a) a mild detergent such as Triton X-100, which is 
known to preserve the protein structure, is not 
able to expose hydrophobic areas on the toxin; (b) 
only a covalent modification, as the reduction of 
the oL--/ disulfide bond, allows the hydrophobic 
insertion of the active a chain into lipid bilayers 
[31] and into Triton X-100 micelles as well. Thus, 
the gangliosides appear to interact with cholera 
toxin in two different modes. The first mode con- 
cerns the well known highly specific association of 
protomer B to the oligosaccharide moiety of gang- 
lioside GM~, without any substantial conforma- 
tional change of the toxin structure [ 13-16]. In the 
second mode the ganglioside micelle, behaving as a 
common detergent, binds to a grossly altered 
structure of the toxin, rearrangement of which is 
induced by the association with the micelle itself. 

At present only a hypothesis can be advanced 
on the biological role of the latter mode of interac- 
tion. However, the results reported here are 
surprisingly similar to those obtained by Wisnieski 
and BramhaU [36] on the hydrophobic labelling of 
cholera toxin protomer A with Newcastle disease 
virus. In contrast in another model system, i.e., 
liposomes containing GMI, the mere binding of 
cholera toxin to GMl is not sufficient for inserting 
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the enzymatically active a chain into the mem- 
brane [31]. The specific reduction of the a-3, dis- 
ulfide bond on the external surface of the mem- 
brane appears to be necessary. The common de- 
nominator of these and other results [13-18,31] 
seems to be that the binding of the toxin to its 
membrane receptor should be followed by a series 
of membrane events necessary for the penetration 
of the a component of the toxin. Although the 
presence of ganglioside micellar microdomains on 
the plasma membrane has not yet been demon- 
strated, their formation can be induced by the 
binding of cholera toxin to the membrane recep- 
tor. There is evidence that the binding of cholera 
toxin to the ganglioside GM1 produces a clustering 
of the ganglioside on the membrane [37]. In these 
clusters, which may involve other gangliosides and 
membrane proteins as well, the lipid portion of the 
ganglioside may modulate the toxin-membrane in- 
teractions necessary for the penetration of the a 
chain. In other words, if the ganglioside clusters 
can assume micellar-like structures, our results 
show that this ganglioside configuration, capable 
of specifically recognizing the hydrophobic seg- 
ments of the protein, may act as biotransducer of 
protomer A into the membrane. 
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