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Fuc-GM1 Ganglioside Mimics the Receptor Function of GM1 for Cholera Toxin'
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ABSTRACT: The ability of Fuc-GM1 ganglioside to mimic the receptor function of GM1 for cholera toxin
(CT) has been investigated. For this purpose, rat glioma C6 cultured cells were enriched with Fuc-GM1
and the responsiveness to CT was compared with that of cells enriched with GM1 ganglioside. Fuc-GM1
was taken up by cells as rapidly and to the same extent as GM1. When comparable amounts of ganglioside
were associated, the cells enriched with Fuc-GM 1 bound the same amount of !25I-CT as did cells enriched
with GM1. Under conditions in which GM1- and Fuc-GM1-enriched cells bound comparable amounts
of CT, the Fuc-GM 1-treated cells accumulated virtually the same amount of cyclic AMP as did GM1-treated
cells, and activation of adenylate cyclase was also similar. The lag time preceding the CT-induced cAMP
accumulation was the same in Fuc-GM1- and GM1-enriched cells. High-sensitivity isothermal titration
calorimetry (ITC) experiments showed that the association constants of CT with Fuc-GM1 or GMI1
ganglioside were comparable (4 X 10’ M~ and 1.9 X 107 M}, respectively, at 25 °C). Also, the association
constants of the B-subunit pentamer with Fuc-GM1 or GM1 ganglioside were comparable (about 3 X 107

M-t and 7 X 107 ML, respectively, at 25 °C).

Cholera toxin (CT)! is composed of two subunits, A and
B, the latter being composed of five identical subunits arranged
in a pentameric ring. When CT interacts with the host cells
it binds through the B-subunit pentamer to its surface receptor.
A lag period then follows during which the A subunit pene-
trates the plasma membrane and splits into peptides Al and
A2; the Al fragment catalyzes the NAD*-dependent ADP-
ribosylation of the regulatory protein G, which irreversibly
binds to, and activates, adenylate cyclase (Holmgren, 1981;
Fishman, 1982). GM1 ganglioside has been indicated as the
receptor for the toxin (Cuatrecasas, 1973). The ability of
GMLI to be taken up by GM 1-deficient celis and to sensitize
the cells to cholera toxin has further confirmed the ability of
GM1 to function as a toxin receptor [for a review about the
topic, see Van Heyningen (1983)]. Although other naturally
occurring gangliosides have shown the ability to bind CT with
high specificity (Nakamura et al., 1987), the cellular responses
following this interaction have so far been described only in
the case of GM1 ganglioside. In recent years the presence of
fucosylated gangliosides, including Fuc-GM]1, in normal and
transformed cells has been reported and is the focus of in-
creased research (Hakomori, 1989; Chigorno et al., 1982;
Ariga et al,, 1987). With the present investigation we studied
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the ability of Fuc-GM1 to function as receptor for CT. The
receptor function of Fuc-GM1 has been investigated by testing
the ability to elicit cAMP accumulation after functional in-
corporation into the receptor-deficient rat glioma C6 cells
(Fishman, 1980; Fishman et al., 1980) and subsequent expo-
sure to CT, compared with the same cellular system enriched
with GM1 ganglioside. The association of CT and its B-
subunit pentamer with GM1 and Fuc-GM1 gangliosides has
also been directly measured by high-sensitivity isothermal
titration calorimetry (ITC), thus providing the overall ener-
getics for the ganglioside—toxin interaction.

MATERIALS AND METHODS

Reagents and Other Products. Commercial chemicals were
of the purest quality available; solvents were distilled and water
was doubly distilled in a glass apparatus. Silica gel thin-layer
plates (HPTLC, Kieselgel 60) were from Merck (Darmstadt,
FRG); solutions for C6 glioma cell culture and washing were
from Flow Laboratories (Irwine, U.K.). N-Acetylneuraminic
acid (NeuAc), bovine serum albumin, cholera toxin, and
B-subunit pentamer were purchased from Sigma Chemical Co.
(St. Louis, MO). For comparison, CT purified as described
by Tomasi et al. (1979), with the phosphocellulose chroma-
tography modification introduced by Mekalanos et al. (1979),
was utilized for some experiments and was a kind gift of Dr.
Maurizio Tomasi (National Institutes of Health, Rome, Italy).

! Abbreviations: DMEM, Dulbecco’s modification of Eagle’s medium;
PBS, Dulbecco’s phosphate-buffered saline solution without calcium and
magnesium; FCS, fetal calf serum; CT, cholera toxin; cAMP, adenosine
3’,5’-(¢cyclic)monophosphate; DEPC, dielaidoylphosphatidylcholine.
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Dielaidoylphosphatidylcholine (DEPC) was from Avanti Polar
Lipids (Birmingham, AL). !%’I-CT was prepared as described
(Cuatrecasas, 1973).

Ganglioside Preparation. Gangliosides GM1 and GDla
were prepared from calf brain and Fuc-GM1 from pig brain,
according to Tettamanti et al. (1973). Identification and
structural analysis of GM1 and GD1a were assessed as de-
scribed by Sonnino et al. (1984). Identification and structural
analysis of Fuc-GM1 were assessed as in the original method
of Ghidoni et al. (1976). Gangliosides were tritium-labeled
at the sphingosine moiety following the method of Ghidoni
et al., (1982). The specific radioactivity was 1.08 Ci/mmol
and the radioactive purity was better than 99%. The purity
of gangliosides was assessed by HPLC (Johnson et al., 1990)
and by high-performance thin-layer chromatography (HPT-
LC), loading different ganglioside amounts and using four
different solvent systems (Ghidoni et al., 1976): (A) propa-
nol/water, 7:3 by volume; (B) chloroform/methanol/0.5 M
NH;, 70:35:3 by volume; (C) propanol/32% NH,/water, 6:2:1
by volume; and (D) butanol/pyridine/water, 6:2:1 by volume.
After Ehrlich spray staining and densitometric (or radio-
chromatographic) scanning of the plate as described by
Chigorno et al. (1982), with the improvements introduced by
Sonnino et al. (1986), the final purity of all gangliosides was
found to be better than 99.5% with regard to the oligo-
saccharide portion. In particular, the GM1 content in the
purified Fuc-GM1 and the Fuc-GM1 content in the purified
GM1 were less than 0.2%.

Cell Culture Conditions. C6 cells were propagated as de-
scribed by Henneberry et al. (1975) in Dulbecco’s modification
of Eagle’s Medium (DMEM) supplemented with 5% fetal calf
serum (FCS). Subcultures were made on 3-cm (diameter)
culture dishes. Cells used for experiments were at 80-90%
of confluency (200-300 ug of cell protein/dish; about 9 X 10°
cells/dish). Harvesting, rupture, and homogenization of cells
were carried out as described by Chigorno et al. (1986). Cell
viability was assessed by the trypan blue absorption method
(Phillips, 1973). The morphology of the cultured cells and
the efficiency of the homogenization procedure were examined
using a phase-contrast microscope.

Treatment of C6 Cells with GM1 or Fuc-GM1. Aliquots
(2 mL) of 3H-ganglioside-containing cell culture medium
(without FCS; about 10° dpm/mL) were added to each dish,
and the dishes were incubated at 37 °C for up to 8 h. At the
end of incubation, the cells were washed three times with 2
mL (each time) of PBS buffer (0.05 M, pH 7.4) in order to
remove unbound ganglioside and then maintained at 37 °C
for 30 min with 2 mL of DMEM containing 5% FCS to
remove the ganglioside molecules weakly adhering to the cells.
The cell preparations obtained after FCS treatment contained
the “serum-stable” fraction of associated ganglioside
(Schwarzmann et al., 1983; Chigorno et al., 1985). At the
end of the treatment, cells were harvested and pelleted by
centrifugation (1000g, 10 min).

Assessment of the Amount of Ganglioside Associated with
Cells. The associated radioactivity was counted after overnight
treatment with 1 M NaOH of a sample of cells (1 mL/mg
of cell protein). Gangliosides were extracted from cells, ac-
cording to Tettamanti et al. (1973). Volatile radioactivity and
lipid-bound radioactivity were determined as described by
Trinchera et al. (1988). Individual gangliosides were separated
by high-performance thin-layer chromatography.

Thin-Layer Chromatography of Gangliosides. Plates were
developed at room temperature with the solvent system
chloroform/methanol/0.2% aqueous CaCl,, 50:42:11 by
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volume. Ganglioside spots were made visible by autoradiog-
raphy and quantified by radiochromatoscanning of the plate
and by densitometry after staining (Ghidoni et al., 1986).

Treatment of Cells with Cholera Toxin and Cyclic AMP
Assay. Essentially, the procedure described by Masserini et
al. (1990) was followed. An established amount of CT in 2
mL of DMEM (without FCS) was added to the cells. The
DMEM solution contained bovine serum albumin (0.01%) and
3-isobutyl-1-methylxanthine (0.2 mM) as a phosphodiesterase
inhibitor (Fishman et al., 1980). After an established period
of incubation, cCAMP was extracted and assayed as described
(Masserini et al., 1990). Adenylate cyclase activity was as-
sayed by measuring the amount of cAMP formed upon in-
cubation of 20 ug (as protein) of cell homogenate for 10 min
at 37 °C, under the experimental conditions described by
Fishman and Atikkan (1980).

Binding of '¥I-CT. The cells containing the serum-stable
form of associated ganglioside were incubated at 20 °C for
10 min with 20-50 pmol of ‘#I-CT (2-4 X 10* cpm/pmol)
[in the presence of increasing amounts of unlabeled toxin (up
to 1 uM)] in 2 mL of DMEM buffered with Hepes at pH 7.4
and containing 0.1% BSA. The medium was removed and cells
were washed three times with 2 mL of ice-cold phosphate-
buffered saline, scraped, and counted in a 8-counter. L-Fucose
for competition experiments of toxin binding to Fuc-GM1-
enriched cells was used as described (Cuatrecases, 1973). The
amount of bound CT was evaluated from the amount of un-
labeled toxin producing 50% displacement of labeled toxin.

Preparation of Samples for Calorimetric Experiments.
Unilamellar vesicles containing 2% (molar) Fuc-GM1 or GM1
were utilized. To this purpose, mixtures of DEPC and
gangliosides in the established proportion were dried from
chloroform/methanol solutions and lyophilized. After re-
suspension and vortexing in 10 mM phosphate buffer, pH 7.4,
containing 50 mM KC], the lipid dispersions were extruded
through 1000-A pore size filters (Nucleopore, Pleasanton, CA)
using a N,-operated extruder (Lipoprep, Ottawa, Canada).
The vesicles were diluted to a final concentration of 32 uM
ganglioside and were used to load the calorimetric cell. CT
was dialyzed overnight against the same buffer, the protein
content was assayed and the concentration adjusted to 35 uM,
and this solution was used for injection into the ganglioside-
containing cells.

Isothermal Titration Calorimetry (ITC). The ITC ex-
periments were performed with an Omega (Microcal, Amherst,
MA) calorimeter. The binding constants for the association
of GM1 or Fuc-GM1 to CT or to B-subunit pentamer were
estimated by measuring the concentration dependence of the
heat of reaction of the toxin with vesicle-embedded gangliosides
at 25.003 °C. Cholera toxin was injected in a stepwise fashion
until complete binding saturation was reached. Analysis of
the concentration dependence of the reaction heats were
performed as described before (Schon & Freire, 1989) using
software developed in our laboratories.

Other Assays. Protein content of solubilized cell pellets was
determined according to Peterson (1977) with bovine serum
albumin as the reference standard. Lipid-bound sialic acid
was determined according to Svennerholm (1957) and phos-
pholipid concentration according to Marinetti (1962).

RESULTS

Association of Ganglioside with Cells. Cell viability, after
incubation with GM1 or Fuc-GM1, was good for the duration
of all experiments. C6 cells were incubated in the presence
of 5 uM GM1 or Fuc-GM1 ganglioside for increasing times
and then assayed for serum-stable associated ganglioside. The
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FIGURE 1: Time course of *H-GM1 and *H-Fuc-GM!1 association
(open symbols) with C6 glioma cells following incubation with 5 uM
ganglioside, and amounts of 12I-cholera toxin specifically bound (closed
symbols) by cells previously incubated with ganglioside for the in-
dicated time. Circles, Fuc-GM1,; triangles, GM1.

time course of the association, up to 2 h of incubation, is
reported in Figure 1. As shown, the rate of ganglioside
association with cells was virtually the same for GM1 and
Fuc-GM1 and led to the association of about 0.3 nmol of
glycolipid/mg of protein after 1 h of incubation. This ex-
periment was repeated and 2[-CT binding was simultaneously
measured. Over time, the amount of toxin bound increased
at the same rate for both gangliosides (Figure 1). In another
experiment, cells were incubated for 1 h with GM1 or Fuc-
GM1 and washed with FCS. 1?’I-CT binding was then
measured using toxin which had been preincubated with 300
ng/mL Fuc-GM1 or GM1, respectively, at 20 °C for 30 min.
In either case 75% inhibition of binding was found with respect
to controls. Preincubation of 2’I-CT with free fucose (10
mg,/mL), under identical experimental conditions, led to about
30% inhibition of binding to Fuc-GM1-enriched cells.

Analysis of Cell-Associated Radioactivity. At incubation
times up to 1 h, almost all (99%) of the cell-bound radioactivity
was recovered in the aqueous phase of the lipid extract. Less
than 5% of the radioactivity present in the aqueous phase was
found to be volatile and diffusible (possibly *H,0). Radio-
chromatoscanning and autoradiography of the TLC of the
aqueous phase showed the presence of a single radioactive peak
having the same R as the tritiated ganglioside present in the
incubation mixture.

Endogenous Ganglioside and cAMP Content of C6 Cells.
The endogenous GM1 and Fuc-GM1 content of Cé6 cells is
2 and 0.6 pmol/10° cells, respectively. The average CAMP
content of C6 cells grown in the presence of FCS and not
treated with exogenous gangliosides was 2 pmol/mg of protein.
This value did not change either by incubating the cells in the
absence of FCS or in the presence of gangliosides.

C6 cells were incubated for 1 h with amounts of GM1 or
Fuc-GM1 ranging from 107 to 10~ M, washed with FCS, and
then exposed to CT (10 ng/plate) for 40 min, and the cAMP
content was assayed. The cells treated with Fuc-GM1 accu-
mulated the same cAMP amount as GM1-treated cells (Figure
2). The amount of GM1 and Fuc-GM]1 associated with cells
was the same, suggesting that the two gangliosides have similar
partitioning into the cells (Figure 2). This experiment was
repeated and '2’[-CT binding was simultaneously measured.
As shown in Figure 3, for a given amount of toxin bound,
¢AMP accumulation in GM1- or Fuc-GM 1-treated cells was
comparable.

The time course of cAMP accumulation in cells incubated
for 1 h in the presence of 5 uM ganglioside, washed with FCS,
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FIGURE 2: Effect of ganglioside concentration on *H-GM]1 and *H-
Fuc-GM1 association (open symbols) with C6 glioma cells and
subsequent cholera toxin-induced cAMP accumulation (closed sym-
bols) (10 g of toxin/dish; 40-min incubation). Circles, Fuc-GM1;
triangles, GM1.
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FIGURE 3: Cholera toxin bound and cAMP accumulation in C6 glioma
cells previously incubated for 1 h with GM1 or Fuc-GM1 at different
concentrations and then incubated in the presence of varying amounts
of CT (up to 10 ug/dish; 40-min incubation). @, Fuc-GM1; &, GM1.
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FIGURE 4: Time course of CT-induced cAMP accumulation in C6
glioma cells previously incubated for 1 h with 5 uM GM1 or Fuc-GM1
ganglioside and subsequently incubated with CT (10 ug/dish). @,
Fuc-GM1; A, GM1; B, cells not incubated with exogenous ganglioside
and incubated with CT; O, cells incubated with exogenous ganglioside
and not exposed to CT; @, cells incubated with GD1a ganglioside
and exposed to CT.

and exposed to 10 ug of CT/dish is reported in Figure 4. No
significant difference between cells treated with Fuc-GM1 or
GM1 was found in the amount of CAMP accumulated after
a given time nor in the duration of the lag time preceding a
detectable accumulation of cyclic AMP, Control experiments
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FIGURE 5: Calorimetric binding isotherm of CT to GM1 or Fuc-GM1

ganglioside. The cumulative heat, Q, is plotted versus the total

concentration of CT. The solid lines are the theoretical curves

calculated with the parameters reported in Table I. @, Fuc-GM1;
A, GM1.

were also carried out with cells enriched with comparable
amounts of GD1a ganglioside and are also reported in the same
figure.

Adenylate Cyclase Activity. Adenylate cyclase activity of
cells containing the serum-stable form of associated GM1 or
Fuc-GM1 (obtained upon incubation for 1 h in the presence
of 5 X 10 M ganglioside) and incubated with 10 ug of
CT/dish for 60 min was 50.3 or 43.2 pmol min™ (mg of
protein)!, respectively. Activity in control cells (not enriched
with exogenous gangliosides) was 17.5 pmol min™! (mg of
protein)™.

ITC Studies of CT or B Subunit Binding to GM! and
Fuc-GM! Gangliosides. A sequence of injections (10 uL each)
of CT into vesicular dispersions containing GM1 or Fuc-GM1
gangliosides, at 8-min intervals, was performed. The asso-
ciation of CT with ganglioside-containing vesicles is an exo-
thermic process decreasing with the number of successive
injections as expected for a system exhibiting saturation.
Under the present experimental conditions, is completed after
7 or 6 injections using GM1 or Fuc-GM]1, respectively. The
raw data were corrected for heats of dilution (obtained by
injecting CT or B-subunit pentamer into buffer alone or into
buffer containing DEPC vesicles without gangliosides).

Figure 5 shows the cumulative reaction heats as a function
of the total concentration of CT, for both GM1 and Fuc-GM1.
The experimental data were fitted by nonlinear least squares
analysis in order to obtain the best values for the enthalpy of
association and the association constant for GM1 and Fuc-
GM1. The glycolipid molecules were assumed to equally
partition into the outer and inner layers of the vesicles. The
solid lines in the figure represent the theoretical curves cal-
culated with the best set of fitted parameters. According to
this analysis, the experimental data are consistent with a
CT/ganglioside binding enthalpy of 97 & 7 kcal/mol of GM1
and -86 % 6 kcal/mol for Fuc-GM1. The association con-
stants were very similar in both cases, 1.9 X 107 M for GM1
and 4 X 107" M! for Fuc-GM1 (Table I). Additional ex-
periments using the B-subunit pentamer also yielded similar
association constants (7 X 107 M~ and 3 X 107 M™! for GM1
and Fuc-GM1, respectively) (Table I).

Control experiments were performed using vesicles con-
taining GDla ganglioside: under identical experimental
conditions the amount of heat released was insignificant (<1
ucal/injection) compared to injection heats of the order of 100
ucal for GM1 or FucGM1. These experiments demonstrate
that the heat effects observed upon addition of CT to vesicles
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Table I Thermodynamic Parameters for the Interaction of CT or
CT B Subunit with GM1 or Fuc-GM1 Ganglioside at 25 °C

association
AH AS [cal/ constant
ganglioside ligand (kcal/mol) (K:mol)] M1
GM1 CT -97 %7 =292 £ 10 1.9 £ 107
Fuc-GM1 CT -86 £ 6 -254 £ 9 3.4 x 107
GM1 B subunit -124 £ 8 ~380 £ 15 7.3 x 107
FucGM1 B subunit -117 7 -358 £ 13 3.3 x 107

containing GM1 or FucGM1 are due to the specific binding
of the toxin to its receptor.

DiscussioN

The results obtained in the present investigation show that
GM1 and Fuc-GM1 ganglioside are taken up by the recep-
tor-deficient C6 cells essentially in the same fashion. The
strong binding of GM1 with the [*’I]iodotoxin is also exhibited
by Fuc-GM1 ganglioside. ¢cAMP accumulation and adenylate
cyclase activation were similar in cells treated with Fuc-GM1
or GM1 and exposed to CT. The lag period preceding CT-
induced cAMP accumulation and the rate of cAMP accu-
mulation in cells enriched with Fuc-GM1 or GM1 are also
comparable. In order to measure the association constant of
Fuc-GM1 to CT we chose ultrasensitive isothermal titration
calorimetry since the validity of this technique to determine
the energetics of the binding of CT to GM1 ganglioside or
GM1 oligosaccharide has been demonstrated before, and
binding constants determined calorimetrically are similar to
those determined using radiolabeled toxin and other techniques
(Schon & Freire, 1989; Straume & Freire, 1990; van Heyn-
ingen, 1983). The ITC data herein obtained with gangliosides
inserted in membraneous model systems, that is, under ideal
conditions, show that the affinity and the stoichiometry of the
toxin or its B-subunit pentamer for Fuc-GM1 are comparable
to those for GM1 ganglioside. All this body of results suggests
that Fuc-GM1 completely mimics the ability of GM1 gang-
lioside in binding CT and in sensitizing cells to CT. In other
words, Fuc-GM1 functions as receptor for cholera toxin.

It has been established that the binding of CT to GM1
involves the glycolipid oligosaccharide portion and particularly
the sialic acid and the terminal galactose moieties. The present
investigation shows that the presence of a fucose residue,
a-glycosidically linked to the 2-position of the terminal ga-
lactose of GM1, still allows CT to exert its action and suggests
that the fucosyl residue may be involved in the binding. Of
course, this problem needs and deserves further investigation.

Fuc-GM1 has been characterized in several normal and
tumor cells (Ohashi & Yamakawa, 1977; Macher et al., 1979;
Suzuki et al., 1975; Holmes & Hakomori, 1982; Ghidoni et
al., 1976). An investigation in order to critically evaluate its
presence in intestinal mucosa could be appropriate, since at
this level it could coparticipate in the undoubted receptor role
of GM1 for CT in vivo. Moreover, CT and CT B-subunit
pentamer have been employed as tools to investigate the
functional implications of GM1, for instance, in the regulation
of cell growth (Spiegel, 1988, 1989). The data obtained from
the present investigation offer the possibility to investigate also
the functional implications of Fuc-GM1 ganglioside. For
instance, the change in fucosylation, commonly observed in
transformed cells (Hakomori, 1989), and the observation that
Fuc-GM1 could be present in cells sensitive to CT B-subunit
pentamer (Pessina et al., 1989) suggest an interesting op-
portunity.
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