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Association to HeLa Cells and Surface Behavior of Exogenous Gangliosides

Studied with a Fluorescent Derivative of GM1?
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ABSTRACT: Cultured HeLa cells were incubated with pyrene-GM1/3H-radiolabeled GM1 ganglioside (1:4
M /M) mixtures for various times. The process of association of pyrene-GM1 with cells was qualitatively
and quantitatively the same as that of *H-GM1. The pyrene-GM1 and *H-GM1 proportions in the various
forms of association with cells were similar to that of the starting ganglioside mixture. After 2-h incubation,
the association of ganglioside with cells was well established whereas almost no metabolic processing had
occurred. During a 24-h incubation, pyrene- and *H-GMI1 underwent similar metabolic processing and
gave rise to catabolic (GM2 and GM3) and anabolic (GD1a) derivatives. Fluorescence spectroscopy
experiments carried out with the excimer formation technique on subcellular fractions containing plasma
membranes showed that exogenous ganglioside was, in part, associated with the cells in a micellar form
removable by trypsin treatment, and in part inserted in a seemingly molecular dispersion. Addition of Ca?*
salts caused aggregation of the ganglioside, as indicated by the increase of the excimer:monomer fluorescence
ratio. The phenomenon was Ca?* concentration dependent (maximum at 10 mM), and subsequent addition
of EDTA had no effect. The saccharide portion of exogenously incorporated pyrene-GM1 was available
to interact with external ligands, as shown by its ability to bind cholera toxin whose addition reduced the
collision rate among the ganglioside lipid moieties.
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A widely used approach for studying the functional im-
plications of gangliosides is their addition to “in vitro” cellular
systems, followed by determination of the induced biological
effects. These are assumed to derive from the modifications
of membrane properties triggered by ganglioside insertion
(Moss et al., 1976; Radsak et al., 1982; Sonderfeld et al., 1985;
Facci et al., 1984; Fishman, 1986; Chigorno et al., 1985).
Studies of ganglioside association with cells (Radsak et al.,
1982; Schwarzmann et al., 1983; Facci et al., 1984; Chigorno
et al.,, 1985) showed that (a) the bulk of exogenous gangliosides
binds loosely to the surface and can be removed by treatment
with fetal calf serum or albumin solutions, (b) a smaller portion
of gangliosides interacts with proteins protruding from the
membrane surface and is released by trypsin treatment, and
(c) an even smaller but well-defined portion of associated
gangliosides is inserted into the membrane lipid layer. The
latter information was obtained by making use of synthetic
molecules resembling the ganglioside structure
(“gangliosidoides™) (Kanda et al., 1982; Schwarzmann et al.,
1983) and, recently, with fluorescent or paramagnetic deriv-
atives of gangliosides (Masserini & Freire, 1987; Ollmann et
al., 1987; Acquotti et al., 1986). A point of caution is the
legitimacy of using ganglioside derivatives in place of natural
molecules and raises the interesting problem of the behavior
of exogenously incorporated gangliosides on the host mem-
brane.

We faced these problems studying the association with cells,
metabolic processing, and behavior on the cell membrane of
the fluorescent derivative of GM1! ganglioside, pyrene-GMI.
This probe (Acquotti et al., 1986; Masserini & Freire, 1987;
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Ollman et al., 1987), by sounding the hydrophobic domain of
the membrane, is particularly suitable for studying the ag-
gregation of the labeled molecules since the spectral features
of the monomers are quite different from those of the excited
dimers (excimers) (Galla & Hartmann, 1980). High values
of the excimer:monomer fluorescence intensity ratios (e:m)
indicate high probability of pyrene-pyrene collisions. Cultured
HelLa cells were used because of their ability to functionally
incorporate exogenous GM1 ganglioside (Fishman & Atikkan,
1980).

MATERIALS AND METHODS

Reagents and Other Products. Commercial chemicals were
of the purest quality available; solvents were distilled and water
doubly distilled on a glass apparatus. Silica gel thin-layer
plates (HPTLC, Kieselgel 60, 20 cm X 20 cm aluminum
sheets) were from Merck (Darmstadt, FRG); 10-(1-pyr-
ene)decanoic acid was from KSV Chemicals Oy (Helsinki,
Finland); trypsin, /V-acetylneuraminic acid (NeuAc), cholera
toxin, and bovine serum albumin were from Sigma Chemical
Co. (St. Louis, MO); all the solutions for HeLa cells culture
and washing were from Flow Laboratories (Irwine, U.K.).
Gangliosides GM1, GM2, GM3, and GD1a were purified from
calf brain according to Tettamanti et al. (1973) and struc-
turally characterized as described (Ghidoni et al., 1980).
Gangliosides were tritium labeled at C3 of the long-chain base
moiety and prepared as the erythro form according to Gazzotti

! Abbreviations: NeuAc, N-acetylneuraminic acid; Cer, ceramide;
GMI, II’NeuAcGgOse Cer, Galf1-3GalNAcS1-4(NeuAca2-3)-
GalB1-4GlcS1-1’Cer; EMEM, Eagle’s minimum essential medium with
Earle’s salts; FCS, fetal calf serum; HPTLC, high-performance thin-layer
chromatography. Ganglioside nomenclature is in accordance with
Svennerholm (1970) and the [IUPAC-IUB Recommendations (1977,
1982).
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et al. (1984). The specific radioactivity ranged between 0.9
and 1.3 Ci/mmol, and the radioactivity purity was better than
99%. GM1, GM2, GM3, and GD1a gangliosides carrying a
pyrenyldecanoyl residue in substitution of the fatty acyl moiety
were synthesized and purified according to Acquotti et al.
(1986). The concentration of pyrene-GM1 was estimated by
sialic acid assay (see below) or by spectrophotometry (Levade
& Gatt, 1987). The molar ratio of sialic acid to fluorescent
fatty acid was virtually 1.

Cell Culture Conditions and Subcellular Fractionation of
HelLa Cells. HeLa cells were propagated in Eagle’s minimum
essential medium with Earle’s salts (EMEM) supplemented
with 10% fetal calf serum (FCS), as described by Henneberry
(1975), using 75 cm? plastic flasks. Subcultures were made
on 35-mm-diameter culture dishes using the same medium.
Cells were used for experiments at 80-90% confluency [110-
150 ug of cell protein/dish, corresponding to about (5-6) X
10° cells]. Harvesting, rupture, homogenization, and sub-
cellular fractionation of cells were carried out as described by
Chigorno et al. (1986) for cultured fibroblasts. In particular,
the “light” membrane subfraction was prepared starting from
fraction P, obtained from the homogenate. Characterization
of the obtained subcellular fractions was carried out by the
enzyme marker technique following Chigorno et al. (1986).
Cell viability was assessed by the Trypan Blue absorption
method (Phillips, 1973). The morphology of cultured cells
as well as the efficiency of the rupturing procedure was ex-
amined by using a phase-contrast microscope.

Treatment of HeLa Cells with Fluorescent and Tritium-
Labeled GM!. A given amount of tritium-labeled GM1
(®*H-GM1) or of a pyrene-GM1/*H-GM1 mixture (1:4 M/M)
was dried from a chloroform/methanol (2:1 by volume) so-
lution. The residue was dissolved in an appropriate volume
of EMEM to obtain a final 5§ X 10~ M ganglioside concen-
tration with a radioactivity of about 2 X 106 dpm/mL. After
removal of the culture medium from each dish, followed by
rapid washing with EMEM, 1 mL of the ganglioside solution
was added (in the absence of FCS), and incubation was carried
out at 37 °C for up to 24 h. At the end of incubation, the
ganglioside solution was removed, and the cells were washed
3 times with 1.5 mL (each time) of 0.9% NaCl solution. Cells
were then maintained at 37 °C for 30 min with 1 mL of 10%
FCS-EMEM and, after being washed, treated with 1 mL of
0.9% NaCl solution containing 0.1% trypsin (Schwarzmann
et al., 1983; Chigorno et al., 1986). The cell preparations
obtained after FCS and after trypsin treatments contain the
“serum stable” and “trypsin stable” fractions of associated
ganglioside, respectively. Cells or cell subfractions collected
as pellets after centrifugation (15000g, 20 min) were subjected
to ganglioside extraction according to Tettamanti et al. (1973)
using 1 mL of the extraction solvent/100 ug of cell protein.
The amount of pyrene-ganglioside was estimated in the extract
by spectrophotometry (Levade & Gatt, 1987). No signal of
the excimer form (read at the emission wavelength at 480 nm)
was present under these conditions. Blanks were extracts from
cells not incubated with ganglioside, and quantification was
made on the basis of a standard curve of pyrene-GM1 dissolved
in the same solvent.

Fluorescence Spectroscopy Measurements. All fluorescence
experiments were performed with a Jasco FP770 spectro-
fluorometer equipped with a thermostated cuvette holder.
Excimer formation experiments were performed by measuring
the fluorescence emission spectrum of pyrene-GM 1 (excitation
wavelength 343 nm). The emissions of monomer and excimer
were taken at their maxima at 395 and 480 nm (Masserini
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FIGURE 1: Time course of association to HeLa cells of *H-GM1 or
the pyrene-GM1/3H-GM1 mixture (1:4 M/M). Total ganglioside
concentration 5 X 107 M. (Panel A) Serum-stable form of associated
ganglioside; (panel B) trypsin-stable form of associated gangliosides.
(A) *H-GM1 incubated alone; (®) *H-GM1 incubated in mixture
with pyrene-GM1; (@) pyrene-GM1 incubated in mixture with *H-
GM1.

& Freire, 1987), respectively.

Treatment with Ca** or Cholera Toxin. In some experi-
ments, the “light” membrane subfractions (see above) were
washed and resuspended in 0.9% NaCl and thermostated at
37 °C, and Ca?", EDTA, or cholera toxin was added, Ca?*
was added from concentrated (1 M) CaCl, solutions and
EDTA (disodium salt) from 0.3 M solutions. Cholera toxin
was added in a stoichiometric amount (1:5 M/M; van
Heyningen, 1983) to total GM1 (fluorescent or not) present
in the cellular subfractions.

Metabolic Experiments. The occurrence of metabolic
processing of radiolabeled and pyrene-GM1 was ascertained
under the conditions used by Chigorno et al. (1985) for ra-
dioactive GM1 in fibroblasts. Cells incubated with JH-GM |
or pyrene-GM1/*H-GM1 for 2, 8, and 24 h were subjected
to ganglioside extraction, and the individual gangliosides were
separated by TLC (see below).

Thin-Layer Chromatography. HPTLC plates were de-
veloped at room temperature with the solvent system chloro-
form/methanol/0.2% aqueous CaCl,, 50:42:11 by volume.
3H-Ganglioside spots were made visible by autoradiography
and quantified by radiochromatoscanning (Chigorno et al.,
1986) using a Berthold TLC linear analyzer. Fluorescent
bands were quantified by scanning with a CGA Fluorscan
scanner {CGA, Florence, Italy).

Colorimetric Methods. Protein content was determined in
solubilized cell pellets according to Peterson (1977), bovine
serum albumin being used as the reference standard. Gang-
lioside/sialic acid was determined according to Svennerholm
(1957).

RESULTS

The viability of cells after exposure to pyrene-GM1/GM]1
mixtures (1:4 molar ratio) up to 24 h was good and identical
with that of the cells exposed to identical concentrations of
the natural ganglioside.

GM1 Association to Cultured HeLa Cells. When only
3H-GM!1 was used for incubation, the amount of serum-stable
form of ganglioside associated after 2 h was 2.8 ug/mg of
protein (Figure 1, panel A). Trypsin treatment (Figure I,
panel B) led to about 25% decrease of this amount. When
identical conditions and a pyrene-GM1/3H-GM1 (1:4 M/M)
mixture were used, the total amount of GM1 associated after
2 h (sum of pyrene-GMI1 and 3H-GM1) did not change
(Figure 1). Noteworthy, the radioactive and fluorescent
ganglioside (serum-stable or trypsin-stable forms) proportions
were always in the range 3:1 to 4:1 (M/M).
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FIGURE 2: Fluorescence scanning (panel A) and radiochromato-
scanning (panel B) of the HPTLC of gangliosides extracted from HeLa
cells following incubation with a 5 X 107 M pyrene-GM1/*H-GM 1
mixture (1:4 M/M): 2-h incubation; 24-h incubation; standard pyrene-
or *H-gangliosides. R, of standard pyrene-gangliosides; GDl1a, 0.4;
GM1, 0.53; GM2, 0.59; GM3, 0.66. R,of standard *H-gangliosides:
GDla, 0.39; GM1, 0.5; GM2, 0.57; GM3, 0.65.

Exogenous Ganglioside Metabolism. After 2-h incubation
with the pyrene-GM1/*H-GM1 mixture, the thin-layer
chromatogram (Figure 2, panel A) showed the presence of a
fluorescent band corresponding to pyrene-GM1 and of an
extremely faint band (less than 1% of the total fluorescence)
having the same R, as pyrene-GM2. After prolongation of
incubation to 24 h (Figure 2, panel A), the latter band ac-
counted for 5% of the total, and two new fluorescent bands
appeared, one having the same chromatographic behavior as
pyrene-GM3 (about 5% of the total) and another having the
same Ry as pyrene-GD1a (about 1% of the total fluorescence).
After 8 h, the metabolism was intermediate between the sit-
uation at 2 and 24 h. The radiochromatoscanning of the same
plate gave similar results (see Figure 2, panel B), indicating
that the mode and apparent rate of metabolic processing of
pyrene-GM1 were similar to those of the natural ganglioside.

Fluorescence Spectroscopy Experiments. The excimer
formation technique was first used to determine the critical
micellar concentration (cmc) of the mixture pyrene-GM1/
SH-GM1 (1:4 M/M), as described (Masserini & Freire, 1986;
Ollmann et al., 1987). The analysis of the excimer:monomer
fluorescence ratio (e:m) as a function of the total ganglioside
concentration indicated that the monomer—micelle transition
of this dispersion occurs at a concentration of 3 X 107 M (data
not shown). The same technique was used to follow the as-
sociation with cells of pyrene-GM1/*H-GM1 mixtures. For
this purpose, after incubation with ganglioside for 2 h, “light”
membrane subfractions were prepared from treated cells. The
activity of the marker enzyme (Na*,K*)-ATPase increased
3-4-fold with respect to the starting homogenate, suggesting
a substantial enrichment in plasma membranes. The EMEM
solution used for the incubation with gangliosides had an e:m
value of 0.5; the “light” membrane subfraction had a value
of 0.11 after FCS treatment (serum-stable form of associated
ganglioside) and a value of 0.09 after trypsin treatment
(trypsin-stable form of associated ganglioside). The trypsin
solution withdrawn after cell treatment had an e:m value of
0.4.

In a subsequent experiment, Ca®* influence on the gang-
lioside molecules associated to cells was investigated. As shown
in Figure 3, both the serum-stable and trypsin-stable forms
of associated ganglioside were sensitive to Ca?*. In fact, the
addition of the cation was accompanied by an increase of the
e:m ratio, indicating the occurrence of an increase of pyr-
ene—pyrene collisions. The effect of Ca?* increased with cation

Time ¢ min )

FIGURE 3. Effect of Ca?* and EDTA addition on the e:m ratio of
light membrane subfractions prepared from HeLa cells following 2-h
incubation with a 5§ X 107 M pyrene-GM1/*H-GM1 mixture (1:4
M/M). (Panel A) Serum-stable form of associated gangliosides; (panel
B) trypsin-stable forn. of associated gangliosides.
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FIGURE 4: Effect of the addition of cholera toxin on the e:m ratio
of light membrane subfractions prepared from HeLa cells following
2-h incubation with a 5 X 1075 M pyrene-GM1/*H-GM1 mixture
(1:4 M/M). (Panel A) Serum-stable form of associated ganglioside;
(panel B) trypsin-stable form of associated ganglioside.

concentration (maximum at 10 mM). The maximum increase
in the e:m ratio, that was statistically significant (p < 0.01),
was reached 1 min after the addition of the cation.

Subsequent addition of EDTA, in stoichiometric excess (20
mM) to the added Ca?*, did not appreciably change, within
1 h, the e:m ratio value (Figure 3). The addition of EDTA
or Ca?*-EDTA mixtures to membrane preparations not
treated with Ca2* was used as the reference.

In further experiments, cholera toxin was added to the light
membrane subfractions containing pyrene-GM1. As reported
in Figure 4, a small but statistically significant decrease (p
< 0.01) of the e:m ratio occurred for the light membrane
subfractions carrying both the serum-stable and trypsin-stable
forms of associated GM1.

DIScuUSSION

Upon incubation with Hela cells, GM1 ganglioside defi-
nitely associates with them (Fishman & Atikkan, 1980). We
show in this paper that also the fluorescent derivative of
ganglioside GM1, pyrene-GM1, associates with the cells. The
total amount of associated ganglioside is the same whether
using a pyrene-GM1/°H-GM1 mixture or using only the ra-
diolabeled natural ganglioside. The fluorescent and radioactive
GMI proportion is the same as in the starting mixture at all
cell association stages. These data suggest that the two
gangliosides have similar behavior in the association process.
If we remember that the critical micellar concentration (cmc)
of the pyrene-GM1/3H-GM1 (1:4 M/M) mixture is 107 M
(present paper) and that of GM1 is 10°-107 M (Ulrich-Bott
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& Wiegandt, 1984), we infer that most of the ganglioside is
in micellar form at the concentration (5 X 1075 M) used in
our experiments.

The observation that the e:m ratio of the incubation mixture
is markedly higher than that of the serum-stable fraction is
consistent with the hypothesis that the overall surface density
of the ganglioside molecules associated with cells is markedly
lower than in the micelles. In addition, the portion of gang-
liosides detached from the cells after trypsin treatment has
a high e:m ratio, presumably given by GM1 linked to mem-
brane proteins in a micellelike aggregation form, as already
suggested (Schwarzmann et al., 1983; Chigorno et al., 1985).
In contrast, the trypsin-stable form of association corresponds
to ganglioside molecules dispersed on the membrane with a
low probability of collision, in other words to a molecular
dispersion of the gangliosides within the membrane. The
metabolic fate of pyrene-GM1 reflects that of natural GM1,
showing formation of GM2, GM3, and GDla derivatives, in
agreement with the general concepts of metabolism of ex-
ogenous gangliosides (Ghidoni et al., 1986; Sonderfeld et al.,
1985). On the basis of the above, we presumed that, once
inserted into the membrane, pyrene-GM1 behavior could be
investigated as a way to inspect that of natural GM1. To this
purpose, we employed a “light” membrane subfraction enriched
in plasma membranes, prepared from cells incubated for 2 h
with the pyrene-GM 1 /radioactive GM! mixture. Under these
conditions, the bulk of added ganglioside was at the membrane
level, with no appreciable occurrence of metabolic processing.
The addition of Ca?* to the membranes causes an increase of
the e:m ratio. According to Galla and Hartman (1980), the
probability of molecular collisions between pyrene probes
depends on their lateral diffusion coefficient as well as on their
concentration. The first cause can be excluded to be re-
sponsible for the observed e:m increase, since Ca?* is known
to rigidify the bilayer (Borle & Selig, 1985; Akutsu & Selig,
1981). In addition, Ca?* does not affect per se the rate of
lateral diffusion of fluorescent GM1 (Goins et al., 1986;
Ollmann et al., 1987). Therefore, the e:m increase is more
likely due to an increase of the local probe concentration,
reflecting a process of ganglioside aggregation. The fact that
the addition of EDTA had no effect suggests that the aggre-
gation of gangliosides may represent a condition of stability
for the glycolipid in the membrane environment. Noteworthy,
the effect induced by Ca?* occurred at cation concentrations
close to the physiological ones in the extracellular compart-
ment, whereas in phospholipid vesicles carrying pyrene-
gangliosides it was found (Ollmann et al., 1987) at much
higher concentrations (over 100 mM). This marked difference
can arise from any differences between artificial and natural
membranes, like the presence in the latter ones of proteins or
particular lipids. For instance, the interaction of Ca?* with
some proteins may induce changes in their conformation, in-
creasing the binding affinity for gangliosides and leading to
their aggregation. In turn, Ca?* could induce clustering of
acidic phospholipids (Galla & Sackmann, 1975; Ito et al.,
1975) or cause aggregation of gangliosides by a phenomenon
of passive exclusion in analogy with data obtained by using
phospholipid vesicles (Masserini & Freire, 1986). It is worth
noting that the effect following interaction with calcium is
much stronger with pyrenyl acidic phospholipids, where 10-fold
increases of the e:m ratio were found (Galla & Sackmann,
1975; Ito et al., 1975).

HelLa cells have an extremely low content of endogenous
GM1 (Fishman, 1978; Markwell et al., 1984), and the in-
sertion of exogenous ganglioside induces cellular responsiveness
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to cholera toxin (Fishman, 1978). Very little is known about
the ganglioside dynamics on the membrane following inter-
action with the toxin (Goins et al., 1987). The data herein
reported show that addition of the toxin to cells enriched with
pyrene-GM1 leads to a decrease of the e:xm ratio. These data
show that pyrene-GM1, as well as the native ganglioside, is
recognized and is available to interaction with bulk external
ligands such as proteins. Moreover, it provides indirect evi-
dence that the exogenous ganglioside has a definite degree of
motion within the membrane.

In conclusion, the present investigation suggests that the
behavior of pyrene-GM1 mimics that of native ganglioside with
regard to association with HeLa cells, metabolic processing,
and availability to interaction with external ligands. This
makes sense for the use of the fluorescent ganglioside to inspect
the behavior of natural ones in the membranes. Of course,
this working hypothesis is inferred from a body of evidence,
herein reported, but does not imply a general identity of be-
havior of the two gangliosides. From the data obtained, it
appears that the lateral distribution, aggregative properties,
and presumably the interactions of gangliosides with the
membrane partners can be steadily influenced by the presence
of Ca?*, This intriguing issue deserves further attention and
experimental exploration.

Registry No. GM2, 19600-01-2; GM3, 54827-14-4; GDla,
12707-58-3; Ca, 7440-70-2.
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ABSTRACT: The glycosylation of HYK*-ATPase vesicles isolated from hog gastric mucosa was investigated
by various methods. Following protein separation on sodium dodecyl sulfate reducing gels and transfer to
poly(vinyl difluoride) membranes, binding of concanavalin A was confined to the 94-kDa band which
corresponds to the catalytic subunit. In contrast, wheat germ agglutinin binding occurred in a region below
the 94-kDa subunit, corresponding to the 60-85-kDa region, and also to protein just above the catalytic
subunit. Treatment with glycopeptidase F removed most of the concanavalin A staining and also the wheat
germ agglutinin staining found below the 94-kDa region, but spared the higher molecular weight wheat
germ agglutinin reactive material. During the deglycosylation experiments a protein of 35-kDa was produced.
Sequencing analysis of V8 protease generated peptide fragments of the 35-kDa protein show at least 30%
homology with the Na*K*-ATPase 8-subunits. Labeling of the carbohydrates by galactosyltransferase and
[*H]uridine diphosphate—galactose showed that the sites of labeling were extracellular and were confined
to the wheat germ agglutinin staining regions. Two molecular weight regions, below the 94-kDa region,
of 60 and 85 kDa were identified. Electron microscopy using postembedding staining techniques showed
that both concanavalin A and wheat germ agglutinin staining occurred on the extracellular face of the gastric
vesicles. It is concluded that there are three classes of glycosylated proteins in hog gastric vesicles: (1)
the 94-kDa protein containing a core (simple) oligosaccharide, with no or few N-acetylglucosamine residues
available for either wheat germ agglutinin binding or galactose transfer; (2) the 60~85-kDa region containing
two protein bands that have complex N-linked oligosaccharides; and (3) a protein of higher molecular weight
than the catalytic unit which contains O-linked complex oligosaccharides. All of these glycoproteins appear
to be located on the extracellular face of the gastric vesicles.

’Ee gastric HK-ATPase of mammalian parietal cells is
isolated as a vesicular preparation that retains the ability to
transport protons in exchange for K* upon the addition of ATP
(Sachs et al., 1974). These vesicles are largely (94%) inside
out (cytosol on the outside) and impermeable to ions such as
K* and CI- (Saccomani et al., 1977). By use of these vesicles,
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studies on the structure of the HK-ATPase in relation to its
orientation in the lipid bilayer can be carried out. The hy-
drolysis of ATP is accomplished by a protein that has an
apparent molecular weight of 94 000 on reducing acrylamide
gels. This protein has been shown by various techniques to
be the catalytic unit of the HK-ATPase. For example, the
94-kDa protein when isolated on sodium dodecyl sulfate (SDS)
gels is labeled by [y-3*P]JATP (Helmich et al., 1985), and also
[®*H]omeprazole, an inhibitor of the proton pump, covalently
binds the 94-kDa protein specifically (Wallmark et al., 1984).
The cDNA sequence of the HK-ATPase catalytic unit has
been obtained from rat and hog and has about 60% homology
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