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Abstract

The effect of cholesterol (Chol) on two kinds of glycolipid assemblies, one composed of monosialogangliosides
(GM1a) and the other formed by a natural mixture of bovine brain gangliosides (TBG), has been analysed. The
experimental approach involves spin label electron paramagnetic resonance (EPR) in aqueous lipid dispersions. The
employment of a hydrosoluble spin label and a ‘quencher’ of the EPR signal that is not able to permeate lipid
interfaces, allowed us to conclude that GM1a/Chol mixtures give rise to vesicles at Chol proportions for which
TBG/Chol mixtures form micelles. The use of different liposoluble spin labels reveals that cholesterol produces a
straightening of the hydrocarbon chains in both lipid systems. In GM1a/Chol mixtures, this feature is more
pronounced and it is coupled with a decrease in polarity at the chain ends. © 2000 Elsevier Science Ireland Ltd. All
rights reserved.
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1. Introduction

The types of supramolecular structures formed
by amphiphiles are determined by a complex bal-
ance of attraction and repulsion between the
molecules, including interactions with the solvent
and entropic effects. However, if one assumes that

no water can occupy the hydrophobic region, the
supramolecular structure of the aggregates can be
approximately predicted by considering the ‘sche-
matic shapes’ associated with the different
molecules that constitute the building blocks.
Thus, lipids having a cone shape form micelles,
those having a cylinder or truncated cone shape
form bilayers, and those having a wedge shape
tend to form inverted hexagonal II structures
(Israelachvili, 1991). The presence of a rigid
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molecule like cholesterol can originate new differ-
ent structures (Perkins et al., 1997). For instance,
the cone shaped lysophosphatidylcholine, when
mixed with cholesterol at a certain molar ratio,
forms bilayer structures (Kumar et al., 1988).

We have a project to study correlations between
lipid composition, structure and dynamics of bio-
logically relevant supramolecular aggregates re-
lated to membranes. In particular, we are
interested in the properties that the carbohydrate
rich lipids impose to these aggregates.

Gangliosides are double-tailed glycosphin-
golipids containing residues of sialic acid in their
large oligosaccharide polar headgroup. They are
concentrated in the outer hemilayer of animal
plasma cell membranes, especially of nerve tissue.
Their presence is related to processes taking place
at the cell surface such as adhesion, membrane
fusion, membrane mediated transfer of informa-
tion, recognition of enzymes, etc. (Ledeen et al.,
1988; Maggio, 1994; Simons and Ikonen, 1997).
The gangliosides composing the natural mixture
in the bovine brain, henceforth called total brain
gangliosides (TBG), are cone shaped. It has been
shown that, in aqueous media, each of the gan-
gliosides forming the TBG natural mixture self-as-
sembles in micelles with CMC in the range
10−9–10−7 M (Tettamanti and Masserini, 1987;
Cantù et al., 1997). Only when there are very few
water molecules (:150) per ganglioside molecule,
a transition to hexagonal I phase occurs. On the
other hand, it was also proved that at physiologi-
cal pH the TBG equilibrium state involves a
perfect mixture of all the components (Liu and
Chan, 1991). Thus, it is reasonable to predict the
formation of micelles in aqueous solutions of
TBG above the CMC.

In a previous work, we found by using nuclear
magnetic resonance of phosphorus (31P-NMR)
that the addition of TBG to vesicles of phos-
phatidylcholine (PC) reduces their radii of curva-
ture, leading to the collapse of the bilayer and the
formation of micelles and small aggregates (Pin-
celli et al., 1998). We also observed that this
process is partially reversed by the addition of
cholesterol (Chol), which stabilises the bilayer
structure. It is known that the cholesterol
molecule behaves as if it were a wedge, but in

water dispersions, only under very restrictive con-
ditions it is able to form rod-like micelles (Cas-
tanho et al., 1992). Otherwise, it does not form by
itself any of the mentioned structures (Carnie et
al., 1979). When added to phospholipid mem-
branes, Chol weakens the Van der Waals interac-
tions between lipids fluidifying the bilayer
structure in its gel phase, but rigidifying it in the
liquid crystalline state by restricting the trans-
gauche isomerisations (Van der Meer, 1993).
Thus, Chol broadens the gel to liquid-crystalline
phase transition. On another side, there are not
systematic studies on the ganglioside-cholesterol
binary system. The interactions in this system
have become a very important issue, since recent
findings indicate that in certain cells sphingolipids
and Chol segregate in dynamic clusters that move
within the fluid bilayer. These ‘rafts’ can bind
proteins, and it has been proposed their participa-
tion in signal transduction (Simons and Ikonen,
1997). A recent work (Bagatolli et al., 1998) re-
ports the effect of the addition of 20% Chol to
some gangliosides on the dynamical properties of
the water associated with the aggregates. This
study was carried out using an amphiphilic
fluorescence probe and the results seem to indi-
cate a cholesterol-induced dehydration of the in-
terface in the gel phase. This effect decreases with
the size of the polar headgroups, suggesting that it
depends on the curvature radius as well as on the
extent of hydration of the lipid aggregate. How-
ever, to our knowledge, the topology of the aggre-
gates formed by gangliosides and Chol has not
been reported until now. In this work, we investi-
gate the types of structures formed by mixtures
ganglioside/Chol dispersed in water over a wide
range of composition. The gangliosides studied
are monosialogangliosides (GM1a) and TBG.

2. Materials and methods

2.1. Materials

Gangliosides from bovine brain were purified to
better than 99% as described elsewhere (Fidelio et
al., 1991). GM1a is a monosialoganglioside, and
the natural mixture TBG contains 21% GM1a, 60%
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spin labels were the liposoluble n-doxyl stearic
acid positional isomers (n-SASL, n=5, 12 and
16) and the water soluble tempamine (4 amino-
tempo, TA). The spin labels, cholesterol and Tris
buffer, were purchased from Sigma (St Louis,
MO). Potassium ferricyanide (K3Fe(CN)6) was
used as a quencher of the EPR signal. All chemi-
cals were of analytical reagent grade.

2.2. Sample preparation

Stock solutions of lipids in organic solvents
were prepared. Chol was dissolved in chloroform/
methanol (2:1 v/v), and gangliosides in chloro-
form/methanol/0.01 N NaOH (60:30:4.5). To
prepare lipid dispersions at different molar ratios,
appropriate aliquots of stock solutions were
mixed. Then, the organic solvent was evaporated
with a stream of dry nitrogen and the lipids were
kept under vacuum overnight. The dry lipids (5
mmol in total) were dispersed in 50 ml of Tris
buffer (50 mM, pH 7.2). The dispersion was vor-
texed and heated in a thermal bath to 55–60°C
during an hour in order to ensure complete hydra-
tion. Chol partial molar content, related to total
lipids, is indicated by xChol.

After lipid hydration, it was observed that the
aqueous dispersions of pure GM1a and TBG are
transparent. TBG/Chol mixtures remain com-
pletely transparent up to xChol=0.3, looking
somewhat turbid at higher Chol proportions.
From the turbid TBG/Chol samples it was possi-
ble to obtain a pellet after centrifugation. Thin
layer chromatography of the separated pellets and
supernatants showed that both portions contain
gangliosides and cholesterol in similar ratios. This
fact guarantees that at these proportions (xChol5
0.5) there is no cholesterol segregation. GM1a/Chol
mixtures present a slight turbidity at xChol=0.2
and, as xChol increases, this characteristic is more
pronounced.

2.3. Spin labelling

TBG and GM1a samples with xChol=0.0, 0.3
and 0.5 were labelled with the water-soluble spin
label tempamine (TA), and samples with xChol=
0.0, 0.1, 0.2, 0.3, 0.4 and 0.5 were studied with the

liposoluble n-SASL (n=5, 12 and 16). The TA
label was dissolved in buffer and incorporated
when the lipids were dispersed, to a final TA
concentration of 1 mM. It was checked that for
concentrations below 2 mM, the TA spectra are
not broadened by spin–spin interactions. It was
also checked that the thermal treatment does not
degrade the spin labels, as EPR spectra from
samples in which TA was added after the hydra-
tion process showed no differences with those
from samples subject to the regular treatment. In
the experiments with liposoluble spin labels, 1
mol% of the required n-SASL, previously dis-
solved in ethanol, was added when the lipids were
mixed.

2.4. EPR spectroscopy

The EPR spectra were recorded at (2591)°C
and 9.8 GHz (X Band) in a ER-200 spectrometer
(Bruker Analytische Messtechnik GMBH, Karl-
sruhe, Germany). The samples were placed in
glass capillaries (1 mm i.d.), sealed at both ends
and housed in 4-mm quartz tubes containing sili-
cone oil for maintaining temperature uniformity.
Field modulation frequency was 100 KHz, and its
amplitude was well below 30% of the minor
linewidths in each case, to avoid spectral shape
distortions.

2.5. Characterisation of the aggregates

The differentiation between micelles and vesi-
cles involves the use of a hydrophilic spin label
which must be distributed over all the aqueous
environments, and a quencher of the EPR signal
that does not permeate lipid interfaces. Thus,
comparison of the EPR signals before and after
quenching yields direct information about the
presence of water enclosing aggregates. Further
procedures leading to the equilibration of inner
and outer aqueous media give conclusive evidence
about the origin of the signal after quenching, as
detailed below.

2.5.1. Experimental protocol
The water-soluble spin label TA, which is posi-

tively charged at the working pH value, was in-
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corporated simultaneously with the buffer used to
swell the lipids. In these conditions, this label does
not partition into the hydrophobic region of lipids
(Sunamoto et al., 1992). Thus, TA is expected to
be in the aqueous bulk, in water enclosed by
vesicles, and/or near the negatively charged sialic
acids at the ganglioside polar headgroups.

Subsequent quenching of the EPR signal origi-
nated in the bulk TA spin label is performed by
adding potassium ferricyanide up to a final con-
centration of at least 65 mM. The quenching
effect of this concentration of ferricyanide anion
[Fe(CN)6]3− (FCN) on a 1-mM TA solution in
buffer was checked, and the quenched spectrum
has an amplitude well below 0.5% of the un-
quenched one. A broad residual three-line struc-
ture, detected only upon amplification, remains in
the quenched spectrum. Although a less struc-
tured line is obtained after quenching with more
concentrated FCN solutions, the lowest concen-
tration minimises changes in the ionic strength
during the quenching procedure. In order to facil-
itate the interpretation of quenched spectra in
relevant samples, the 1-mM TA spectrum in pure
buffer, quenched with 65 mM FCN, will be dis-
played in the same scale in the corresponding
figures.

FCN is a fast relaxing agent that quenches
reversibly only the signals of those TA molecules
in its close proximity, and it does not permeate
lipid interfaces (Morse, 1986; Sunamoto et al.,
1992). Thus, in quenched samples the EPR signals
should be ascribed to TA in the aqueous medium
enclosed by vesicles, or kept by electrostatic inter-
actions in protected sites among the ganglioside
headgroups.

To identify the signals coming from confined
water, a further freeze-and-thaw procedure (F&T)
was performed. Quenched samples were sub-
merged alternatively (five times) in liquid nitrogen
and in warm water, allowing for thermal equili-
bration at each step of the cycle. This procedure
causes the destruction and reassemble of the lipid
structures and consequently, a complete equilibra-
tion of the inner and outer aqueous media (Mayer
et al., 1985), allowing the FCN ions to quench the
spectrum of the TA molecules dissolved in the
inner medium. Therefore, any eventual EPR sig-

nal should only come from those TA molecules
that are able to remain in protected sites in the
ganglioside headgroup region.

For each of the lipid dispersions, we studied a
set of three samples. The ‘original’ sample, sepa-
rated before the addition of FCN, the ‘quenched’
sample, separated after the addition of FCN, and
the ‘F&T’ sample, an aliquot of the quenched
sample submitted to the F&T procedure. TBG
and GM1a aggregates with xChol=0.0, 0.3 and 0.5
were studied in this way.

2.5.2. Analysis of the EPR spectra
The information available from the EPR spec-

tra of TA is based on well-established correlations
(Griffith and Jost, 1976):
� the isotropic 14N-hyperfine coupling constant

A0 gives information about the micropolarity
of the label environment, increasing with
polarity;

� the correlation time tc is proportional to the
microviscosity of the environment of the label
(Morse, 1986; Gennaro et al., 1996); and

� the intensity of the signal I0 reflects the relative
amount of label not accessible to FCN.
In our samples, the spectra of the TA label

show narrow equally-spaced lines, indicative of a
highly mobile species in a low viscosity regime
(Wertz and Bolton, 1972). In this case, the hy-
perfine constant A0 is obtained from the difference
(in Gauss) between the low and high-field lines
2A0.

In this regime, the Debye formula tc=Vh h/kT,
where Vh is the hydrodynamic volume of the spin
label and k the Boltzmann constant, relates the
rotational correlation time of the label with the
microviscosity h of the environment at a given
temperature T. Then, the environment microvis-
cosity relative to that of the buffer can be calcu-
lated as hr=h/hbuffer=tc/tc buffer. tc (in seconds)
is calculated according to the standard formula
for isotropic high mobility regime measurements
(Morse, 1986) as tc=KDH0[(h0/h−1)1/2−1],
where DH0 is the peak-to-peak linewidth of the
central line of the EPR spectrum (in Gauss), and
h0 and h−1 are the peak amplitudes of the central
and high-field lines. K depends on the magnetic
field and on the anisotropy of both the g factor
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and the hyperfine interaction (Kivelson, 1972),
and should be determined for each spin label.
However, this is not necessary in our case, as K
cancels in the relative microviscosity
determinations.

The intensity of the signal, in arbitrary units, is
quantified as I0=h0(DH0)2 and normalised to mi-
crowave power, modulation amplitude, spectrom-
eter gain and sample volume. For each set of
samples (original, quenched and F&T), the re-
ported intensities are normalised to the original
one. The resultant values indicate the amount of
unquenched spin label relative to that of the
original sample.

2.6. Study of the hydrophobic region

The apparent order parameter (Sapp) at differ-
ent levels of the hydrophobic region is studied
with the amphiphilic lipid-like labels n-SASL.
They were incorporated to the samples as de-
scribed previously and they are located preferen-
tially in the hydrocarbon region with their long
axes parallel to the acyl chains of the lipid
molecules (Griffith and Jost, 1976). The polarity
at the level of the end segments of the acyl chains
is evaluated from the spectra of 16-SASL.

2.6.1. Analysis of the EPR spectra
The spectra of 5- and 12-SASL correspond to a

regime of anisotropic movements with the axis of
symmetry perpendicular to the aggregate surface.
Then, the outer and inner hyperfine splittings
2Amax and 2Amin in the SASL spectra allow us to
calculate the apparent (molecular) order parame-
ter Sapp (Griffith and Jost, 1976) as:

Sapp= (1/k0)(A( //−A( Þ)/[A zz
c −1

2(Axx
c +Ayy

c )]

where

A( //=Amax, A( Þ=Amin+1.4(1−S0), with

S0= (Amax−Amin)/
�

A zz
c −

1
2
(Axx

c +Ayy
c )
n

,

A0
c =

1
3

(A zz
c +Axx

c +Ayy
c ),

A0=
1
3

(A( //+2A( Þ), and k0=A0/A0
c.

The parameters A zz
c =32.9 G, Axx

c =5.9 G and
Ayy

c =5.4 G, are the single crystal values of the
14N hyperfine coupling tensor (Griffith and Jost,
1976). The above calculations were applied to 5-,
12- and 16-SASL spectra for comparative pur-
poses, although 16-SASL shows almost isotropic
spectra. This fact allows us to use the isotropic
hyperfine constant A0 obtained from 16-SASL
spectra as an estimator of polarity changes in the
hydrophobic zone upon Chol addition.

3. Results

3.1. Characterisation of the aggregates

3.1.1. Pure gangliosides
Fig. 1 shows the EPR spectra of TA in disper-

sions of pure gangliosides, GM1a (a) and TBG (b),
including in each case the original, quenched and
F&T samples. For each of these spectra, the
intensity of the signal I0, the isotropic hyperfine
constant A0 and the relative microviscosity hr

were calculated as described in Section 2. As a
reference, the spectrum of TA dissolved in the
same buffer employed to swell the lipids yields
A0=16.90 G. In this case, hr=1 (by definition).

From the spectrum of the original sample of
pure GM1a (Fig. 1(a), original), we obtained A0=
16.90 G and hr=2.8, consistent with an aqueous
medium of increased viscosity. In the quenched
sample (Fig. 1(a), quenched), the intensity of the
signal is approximately 6% of the original one, the
hyperfine constant (A0=16.20 G) corresponds to
a less polar environment than that detected by TA
in the original sample, and the microviscosity
value (hr=33.0) indicates more restricted mo-
tions. The spectrum after F&T yields parameters
very similar to those of the quenched sample,
indicating that the original GM1a structures do not
enclose water. Comparison of this spectrum (mag-
nified in Fig. 2(b)) with that of the residual signal
corresponding to TA and FCN in pure buffer
(Fig. 2(a)) in the same scale shows that their
amplitudes and lineshapes are completely differ-
ent. Therefore, the EPR signals of the quenched
and F&T samples are not originated in an incom-
plete quenching but they probably arise on TA
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Fig. 2. EPR spectra obtained after quenching the TA spin
label (1 mM) with potassium ferricyanide (FCN) up to a final
FCN concentration of 65 mM (a) in pure buffer, (b) in pure
GM1a dispersions, after a further freeze-thaw procedure (note
the differences both in shape and amplitude with the residual
spectrum in (a)), (c) in GM1a/Chol dispersions (xChol=0.3)
also after freeze-thaw. Note the reduction in amplitude when
compared to (b).

Fig. 1. EPR spectra of Tempamine in pure ganglioside water
dispersions. (a) GM1a, (b) TBG. ‘Original’ and ‘Quenched’
samples denote the situations before and after the addition of
FCN (quencher), respectively. ‘F&T’ corresponds to those
quenched samples submitted to the freeze and thaw procedure
(see Section 2). Microwave frequency is 9.84 GHz.

molecules trapped by electrostatic interactions in
protected sites among the negatively charged gan-
glioside headgroups. The inefficiency of FCN to
quench these TA molecules is probably due to the
electrostatic repulsion between the FCN anion
and the ganglioside headgroups, although steric
limitations could also play a role in this effect.
The values of the relative intensities I0/I0orig (nor-
malised to those of the corresponding original
samples), the hyperfine constant A0, and the rela-
tive microviscosity hr are shown in the bar dia-
gram of Fig. 3. For each value of xChol, the three
bars from left to right represent the values mea-
sured in the original (light grey), quenched (dark
grey) and F&T samples (white), respectively. The
horizontal dotted line at A0=16.90 G corre-
sponding to TA dissolved in buffer is given as a
reference.

In the case of pure TBG (natural mixture with-
out Chol, Fig. 1b), the EPR spectrum of the
original sample indicates a more viscous solution
(hr=13.3), and a somewhat less polar environ-
ment (A0=16.76 G) than in the original sample
of GM1a (Fig. 3). Quenching gives a reduced EPR.
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signal, but its relative intensity is larger than in
GM1a, representing 35% of the original spec-
trumBesides, as it can be appreciated by compar-
ing Fig. 1(b) (quenched) and Fig. 2(a), the
lineshape and intensity of the quenched spectrum
are again completely different from the residual
signal of TA quenched in pure buffer. The values
A0=16.05 G and hr=39 indicate that TA is in a
regime of restricted (though isotropic) motions, in
a less polar environment than the bulk of the
original sample. The spectrum remains almost
unchanged after F&T. Thus, once again it is

assumed that the EPR signal of the quenched
sample comes only from the TA hidden among
the ganglioside headgroups in a micellar structure.

3.1.2. Ganglioside/cholesterol mixtures
Fig. 4 shows the EPR spectra of TA obtained

in ganglioside/Chol dispersions with xChol=0.3for
GM1a (Fig. 4(a)), and TBG (Fig. 4(b)), respec-
tively. Some important facts must be remarked:
the intensity of the GM1a/Chol spectrum is greatly
reduced after quenching, but its shape, and the
values of hr and A0 (Fig. 3, left panels) are
indicative of an isotropic, low viscosity, and high
polarity medium. Evidently, in the quenched sam-
ple, there is TA surrounded by an aqueous envi-
ronment that is not accessible to FCN. After F&T
(Fig. 4(a), amplified in Fig. 2(c)) the resulting spin
intensity is further decreased, being only a 2% of
that corresponding to the original sample. In this
case, the amplitude of the signal is only about
twice that of the residual one (obtained for TA
and FCN in pure buffer, Fig. 2(a)), and thus it is
not possible to obtain reliable values for hr and
A0. This negligible intensity after the F&T proce-
dure indicates a complete equilibration of the
inner and outer media. These results allow us to
affirm that the mixture GM1a/Chol with xChol=
0.3 self-assembles in vesicular structures with en-
closed water, which is accessible to FCN only
after the F&T process. The turbidity of the sam-
ple agrees with these results.

Fig. 4(b) shows the corresponding spectra for
TBG/Chol, xChol=0.3. In this case, the quenched
spectrum yields A0 and hr values (Fig. 3, right
panels) characteristic of an environment with
lower polarity and higher microviscosity than the
aqueous one. The F&T spectrum is practically
indistinguishable from the quenched one, strongly
suggesting that the structure of this mixture re-
mains micellar. This fact is in agreement with the
transparency of the sample.

Fig. 5(a) displays the spectra for GM1a/Chol
with xChol=0.5. As it occurs with xChol=0.3, the
set of spectra is characteristic of vesicles, i.e. a
quenched spectrum of high polarity and low mi-
croviscosity values, and an almost complete ex-
tinction of the signal after F&T.

Fig. 3. Parameters extracted from EPR spectra of Tempamine
labelled samples of GM1a/Chol and TBG/Chol, shown as
functions of cholesterol molar ratio. Upper panels: relative
EPR intensity I0/I0 orig, where I0 orig corresponds in each case
to the original sample. Intermediate panels: isotropic hyperfine
constant A0. Bottom panels: relative microviscosity hr. The
light grey, dark grey, and white bars correspond to the origi-
nal, quenched, and F&T samples, respectively. In the interme-
diate panels, the horizontal dotted line at A0=16.90 G
corresponds to TA dissolved in buffer, for which hr=1.
Values of A0 and hr are not given for F&T GM1a/Chol samples
at xchol=0.3 and 0.5, as their EPR spectra are poorly defined
due to their small amplitude (see Fig. 2(c)).
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Fig. 4. EPR spectra of TA in ganglioside/Chol dispersions
with xChol=0.3. (a) GM1a/Chol; (b) TBG/Chol. The labels
have the same meanings as in Fig. 1. Microwave frequency is
9.80 GHz.

Fig. 5. EPR spectra of Tempamine in ganglioside/Chol disper-
sions with xChol=0.5. (a) GM1a/Chol; (b) TBG/Chol. The
labels have the same meanings as in Fig. 1. Microwave fre-
quency is 9.80 GHz.

In TBG/Chol, xChol=0.5, the visual observation
of small precipitates led us to consider the presence

of large aggregates like vesicles or other extended
structures. Nevertheless, the set of EPR
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Fig. 6. Apparent order parameters calculated from the EPR
spectra of SASL as a function of Chol molar ratio as ex-
plained in the text. Squares, 5-SASL; circles, 12-SASL; trian-
gles, 16-SASL. Full symbols correspond to GM1a mixtures,
and open symbols to TBG mixtures.

with respect to those corresponding to xChol=0.0
and xChol=0.3 (Fig. 3). These facts suggest that
the aggregates formed by TBG/Chol at xChol=0.5
are mostly large micelles.

3.2. Study of the hydrophobic region

The apparent order parameter Sapp calculated
from the SASL spectra as described in Section 2,
provides a measure of the straightening of the
acyl chains (Griffith and Jost, 1976; Morrow et
al., 1995). The calculated values of Sapp are plot-
ted in Fig. 6 as a function of Chol content. A
steady increase in Sapp is observed for both GM1a

and TBG mixtures at all levels of the acyl chains
as xChol is increased up to xChol=0.3. At higher
Chol contents, Sapp for TBG (all labels) and for
GM1a (12-SASL) remains almost constant, while
Sapp from 5- and 16-SASL in GM1a/Chol mixtures
increase.

The isotropic hyperfine constant A0 can also be
calculated as described previously for the SASL.
The EPR spectra of 5- and 12-SASL at room
temperature contain contributions from slow
molecular motions. Thus, the apparent hyperfine
splittings depend on the rates as well as on theam-
plitudes of motion, precluding a direct correlation
with the polarity of the environment of the spin
labelled chain segment. For 16-SASL the slow
motional effects are likely to be absent due to the
fast end chain motions, thus allowing for the
estimation of a local polarity from the A0 values
(Schorn and Marsh, 1996). The plot of A0 (16-
SASL) as a function of xChol represents the evolu-
tion of the averaged polarity at the level of the
end segments of the hydrocarbon chains. This
plot is presented in Fig. 7, where it can be seen
that GM1a/Chol dispersions show a steady de-
crease in the polarity of the hydrophobic core as
xChol is increased. This fact is consistent with the
transition to bilayer structures, as will be dis-
cussed later. On the other hand, the polarity
sensed by the sixteenth carbon in TBG mixtures
shows an initial decrease followed by a plateau
region, and the values are always higher than in
GM1a mixtures. As it will also be discussed later,
this fact supports the hypothesis of preservation
of the micellar structure in TBG/Chol dispersions.

Fig. 7. Hyperfine isotropic values, representative of the polar-
ity of the environment, extracted from the 16-SASL spectra, as
a function of Chol molar ratio. Full triangles correspond to
GM1a mixtures, and open triangles to TBG mixtures.

spectra (Fig. 5(b)) is similar to that of xChol=0.3,
not reflecting the existence of well behaved water-
enclosing vesicles. The presence of ‘leaky vesicles’
permeable to the FCN anion might be proposed.
However, there are no significant differences be-
tween quenched and F&T spectra (Fig. 5(b)), and
the A0 and hr values show only minute differences
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transition from micellar to vesicular structures in
GM1a mixtures, but it does not cause such effects
in those of TBG, which undoubtedly remain as
micelles at xChol=0.3. At xChol=0.5, TBG/Chol
samples show a slight turbidity which could onlybe
related to the formation of large non-spherical
micelles or leaky vesicles, as EPR data do not
support the formation of sealed structures enclos-
ing water. Instead, GM1a/Chol samples with
xChol=0.5 give again clear evidence of vesicular
structures.

Further experimental manifestation of the mi-
celle-vesicle transition for GM1a/Chol aggregates
come from the stearic acid labels (SASL). The
apparent order parameter Sapp (Fig. 6) increases
steadily in the entire range of Chol concentrations
in GM1a/Chol dispersions (except for the 12-SASL
case, where it saturates). Instead, in TBG/Chol,
Sapp for the three SASL has a plateau region
beginning near xChol=0.3, beyond which only
slight variations are observed. The order parameter
gives information about the angular amplitude of
motion of the labelled chain segment. The increase
of Sapp reflects a restriction of the trans-gauche
isomerism and the consequent straightening of the
hydrocarbon chains (Morrow et al., 1995). This
fact, together with the micelle to vesicle transition,
is pictorially represented in Fig. 8. The ‘ideal’ fully
extended (all-trans) conformation of all the acyl
chains (Sapp=1) could only be realised when the
chains have the same available transverse area at
all depths of the hydrophobic core (Gruen, 1985).
In that case, the shape associated with the molecule
is a cylinder and the structure adopted should be
a planar bilayer (Fig. 8(b)). In a micelle, instead,
the associated molecular shape is a cone, and the
available transverse area for a chain decreases as
the centre of the aggregate is approached (Fig.
8(a)). Consequently, the average number of gauche
bonds in the final segments of the chains increases
notably from bilayers to micelles (Gruen, 1985). As
a result, the chain straightening caused by Chol
molecules has an upper limit imposed by steric
hindrances in the case of micellar structures, but
not in bilayer structures. Thus, the steady increase
in Sapp values with Chol addition supports the
transition from micelles to vesicles for mixtures
GM1a/Chol, and the plateau observed in Sapp val-

4. Discussion

The results obtained using the hydrosoluble spin
label TA allowed us to discriminate between micel-
lar and vesicular aggregates. In agreement with
previous works using static and dynamic light
scattering and electron microscopy (Maggio, 1994;
Sonnino et al., 1994; Cantù et al., 1997), the whole
set of our data indicates that the aggregates formed
by GM1a and TBG without Chol do not enclose
water, i.e. they are micelles. The values of hr\1 for
the original samples of both GM1a and TBG (light
grey bars in the lower panels of Fig. 3, xChol=0.0)
indicate that, at the present lipid/water molar ratio
(1:555), the microviscosity of the aqueous environ-
ment is increased due to the presence of gan-
gliosides (Bach et al., 1982; Arnulphi et al., 1997).
This effect is more noticeable for TBG. In series of
gangliosides with hydrophobic portions of similar
compositions, it was foundthat the extent of the
polar headgroup is the main determinant of the
curvature radius and thus of the kind of structures
to be adopted. GM3, the smallest headed
monosialoganglioside, self-assembles in vesicles.
The remaining gangliosides have headgroups of
increasing complexity and extension, and despite
the presence of a double hydrophobic tail, they are
cone shaped and form micelles. The rigid and
complex structure of sugar and sialic acid
molecules determines that the surface of the assem-
bled structures is not smooth, having a high degree
of ‘surface roughness’ (Sonnino et al., 1994).

After quenching with FCN the EPR signal due
to TA in the external buffer, aqueous spectra were
obtained for GM1a/Chol aggregates (Fig. 3, Fig.
4(a) and Fig. 5(a) (quenched)). After the F&T
process, when the quencher is able to reach all the
aqueous environments, the EPR spectrum has a
nearly negligible intensity. Thus, the aqueous envi-
ronment sensed by TA in quenched GM1a/Chol
samples (before the F&T process) should only be
attributed to water enclosed by vesicles. The obser-
vation of turbidity in these samples, which in-
creases with Chol content, supports the formation
of vesicles.

It is interesting to remark that Chol incorpora-
tion as a 30% molar of total lipids drives the
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ues for TBG/Chol mixtures is consistent with the
preservation of the micellar structure.

The changes in the polarity of the environment
to which the end segments of the acyl chains are
exposed, evaluated from the hyperfine constant of
16-SASL (Fig. 7) reinforce our previous discus-
sion. In GM1a/Chol structures, the polarity de-
creases steadily upon xChol increase (A0 varies
from 14.95 to 13.90 G), while in TBG/Chol the
polarity shows higher values that vary very little
with xChol (A0 from 15.10 to 14.80 G). These
increased polarity values at the level of the 16th
carbon in TBG/Chol may be interpreted in two
ways, both related to the reduced order parame-
ter. By one side, the disorder would facilitate
water penetration into the hydrophobic core, and
by the other, fluctuations of the 16-SASL end-
chain into regions of greater polarity could be
increased. This last possibility has been consid-
ered and discarded for bilayers of phosphatidyl-
choline (Ge and Freed, 1998), but it may be
operative in ganglioside micellar structures. As in
GM1a/Chol mixtures the addition of Chol causes a
phase transition from micelles to vesicles, the
decrease of polarity for the 16-SASL with increas-
ing values of xChol is consistent with both possibil-
ities mentioned above. By one side, it agrees with
the reduction of water penetration into the hydro-
phobic core, and by the other side it is consistent
with the detected transition to vesicles with pro-
gressive chain straightening that forces the end
segments of the lipid chain to be confined into the
hydrophobic core (Gruen, 1985). The larger and

almost constant polarity measured in the 16-
SASL environment in TBG/Chol mixtures could
be explained by the persistence of the micellar
structures, although it is also compatible with the
presence of aggregates more permeable to water
than the GM1a/Chol ones.

As gangliosides are anionic lipids, it can be
argued that the increase in ionic strength upon
potassium ferricyanide addition during the
quenching procedure could promote by itself the
observed changes in the shape of the aggregates.
However, gangliosides are different from common
anionic lipids, as ganglioside micellar dimensions
are mainly determined by the steric hindrance of
the complex sugar headgroups at the water-mi-
celle interface, and not by the electrostatic repul-
sion of the headgroups themselves (Professor M.
Corti, personal communication). It has been ver-
ified experimentally that the GM1a micelles do not
change weight or shape on NaCl addition up to at
least 100 mM (Corti and Cantù, 1990). On the
other hand, electrokinetic studies indicate that
monovalent cations do not bind significantly to
GM1a, GD1a, or GT1 (McDaniel et al., 1986). Thus,
the modifications in the ionic strength of the
suspending medium, which are essential to per-
form the quenching procedure, are not likely to be
responsible for the micelle to vesicle transition
detected in GM1a/Chol aggregates. Besides, it
should be emphasised that no transition occurs in
absence of cholesterol. Thus, it is not the ionic
strength per se the cause of the transition.

Fig. 8. Schematic representation of the role of cholesterol in promoting curvature changes in lipid structures. (a) Section of a micellar
structure. The hydrocarbon chains are in a highly disordered state, due to the limited available space toward the centre of the
structure. (b) Transversal section of a lipid structure of infinite curvature radius (air–water interface or vesicle hemilayer) formed
upon Chol incorporation. Chol molecules act as walls separating the hydrocarbon chains, restricting trans-gauche isomerisations and
promoting the all-trans extended state.
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4.1. Origin of the EPR signal of the hydrosoluble
spin label in freeze-thawed samples

In order to interpret the intensities of the re-
maining EPR spectra of TA obtained after
quenching and freeze-thaw (Fig. 3, white bars in
upper panels), two facts should be taken into
account. First, TA does not partition into lipids,
and second, FCN is not a radical scavenger, but
only a ‘line broadening’, fast relaxing agent,
which quenches reversibly the EPR signal of those
spin labels in its close proximity (Morse, 1986). If
a TA molecule migrates to sites not reachable by
FCN, its EPR signal reappears. Thus, the quench-
ing efficiency depends only on local FCN concen-
tration. Electrostatic interactions should play an
important role in this process. At the working pH
value, TA is positively charged, and gangliosides-
bear negative charges in their headgroups due to
the sialic acid moieties. The resulting attractive
interaction would explain the penetration of TA
into ‘protected sites’: windings and holes at the
surface of the ganglioside aggregates (Cantù et al.,
1997; Hirai and Takizawa, 1998). In contrast,
FCN, bearing a charge −3, would be repelled
from the surface, being unable to quench the EPR
signal from TA into the protected sites. It is
reasonable to expect that the number and size of
these protected sites should depend on the curva-
ture radius, being more important in micelles than
in vesicles. Also it is expected that they should be
more important in TBG micelles than in GM1a

ones, due to the inhomogeneity in headgroup sizes
and the larger electrostatic effects present in the
former (the mean charge per lipid molecule is
−1.98 in TBG versus −1 in GM1a).

The above reasoning can explain our experi-
mental results, which show that the EPR spec-
trum of TA in the F&T sample of pure TBG has
a larger relative intensity than that of the F&T
sample of pure GM1a (Figs. 1 and 3). Moreover,
the intensities of the F&T spectra in mixtures
GM1a/Chol (vesicles) are negligible, while those in
TBG/Chol mixtures remain with an appreciable
intensity, consistent with less packed headgroups
in structures of smaller radius of curvature.

The protected sites capable to enclose TA
molecules seem to be related to the recently re-

ported cavities existing in the ganglioside head-
groups, which are able to enclose water molecules.
These cavities are larger in disialogangliosides
than in GM1a structures (Hirai and Takizawa,
1998). The measured polarity in our protected
sites (hyperfine constant around 16.1 G) is lower
than that corresponding to free water or bulk
buffer, although higher than that of a hydrocar-
bon chains environment. This fact seems reason-
able considering that the sugars in the headgroups
should generate a micropolarity approaching that
of alcohols (lower than that of water), even when
a few water molecules could share a hole with a
TA molecule. The relative microviscosity sensed
by TA in these sites varies between 35 and 40, for
TBG, TBG/Chol and pure GM1a aggregates. Al-
though this is a high viscosity, the spectra corre-
spond to isotropically rotating labels (Fig. 1, Fig.
2(b), Fig. 4(b) and Fig. 5(b)), showing that TA is
not immobilised into the protected sites.

As the hydration process leads the system to a
thermodynamically stable phase, it is expected
that the F&T procedure, which causes the rupture
and re-assemblage of the structures, would return
the system to equilibrium preserving the size and
number of protected sites. This assumption is
confirmed by our results, as the quenched and
F&T spectra in the case of micelles yield very
similar parameters (Fig. 3, GM1a at xchol=0.0 and
TBG at all xchol values). In the case of GM1a/Chol
aggregates, the quenched TA spectra are clearly
attributable to a water environment, with hy-
perfine constant of 16.9 G, and relative microvis-
cosity �3. The F&T spectra of GM1a/Chol have a
negligible relative intensity, and they are strikingly
different from the untreated quenched ones, dis-
carding the possibility that the latter were origi-
nated in the protected sites discussed in the
preceding paragraph. Thus, it is confirmed that
truly vesicular structures are formed in GM1a/Chol
mixtures for xChol]0.3.

The intensity of the F&T spectra in GM1a/Chol
decreases considerably from xChol=0.0 to 0.3 and
0.5 (Fig. 3, left upper panel, white bars). This
intensity reduction is consistent with an increased
curvature radius, promoted by Chol incorpora-
tion, which allows for closer packing of GM1a

headgroups (Fig. 8). The straightening of the acyl
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chains support this fact. These changes cooperate
to produce a compact surface in which there are no
holes to keep TA molecules protected from the
FCN anions. This finding can be related with a
recent report (Bagatolli et al., 1998) suggesting that
water penetration in ganglioside structures is de-
creased by Chol addition.

5. Conclusions

We have reported a set of experimental data that
helps to characterise the structures adopted by
ganglioside/Cholesterol mixtures dispersed in wa-
ter. While pure ganglioside dispersions are micel-
lar, the addition of Chol to the
monosialoganglioside GM1a induces the formation
of vesicles, clearly detected by our EPR studies
from xChol=0.3 and up. In contrast, the micellar
structure adopted by the natural mixture of brain
gangliosides TBG is maintained upon Chol incor-
poration up to at least xChol=0.3. At higher
proportions of Chol, the TBG/Chol samples be-
come turbid indicating the formation of larger
aggregates. Nevertheless, the EPR data are conclu-
sive in showing that whatever they are, these
aggregates are not able to enclose water.

The changes in the topology of the aggregates
are also manifest in the behaviour at the level of the
hydrophobic portion. The straightening in the acyl
chains induced by cholesterol is more pronounced
in mixtures with GM1a than with TBG. Besides,
polarity estimations suggest that the end portion of
the acyl chains in GM1a/Chol mixtures can be
immersed more deeply in the hydrophobic core
that in TBG/Chol mixtures, indicating that the
available volume for the hydrocarbon chains is
modulated by the curvature of the aggregates.

The transition from micelles to vesicles reported
here might be relevant in the context of recent
studies that indicate that some membrane proteins
are unable to function in the absence of certain
non-bilayer forming lipids. Although the mecha-
nism by which the lipid properties affect protein
behaviour is not understood, it has been suggested
that some proteins must be sensitive to membrane
curvature (Dan and Safran, 1998). In this sense,
the mixtures of lipids used in this work seem very

suitable to study the dependence of protein perfor-
mance on spontaneous curvature of the membrane.
Moreover, the constituents of the mixturesare
those found in the dynamic clusters that serve as
platforms for the attachment of proteins (Simons
and Ikonen, 1997).
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