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The m e r ~  of aqueous dispersiem of five neutral g l y c o s l ~ i p i d s  (GalCer, GIcCer, LaeCer, 
asialo-G m,  mlalo-Gm) , selfqide, and five 8m~lioskles (Gin, Gin, Gin, Gut,, and GTZb) and their 
mixtures with dipd~toylpbospkqdykheU~ was studied by aegative staining decUea micrescopy. The 
m e q ~  re,tins are tateWetel on the basts of themmdymmk and 8eemeU'k constraints pm4oesly 
studied in these systems ~ B (1985) Blochlm. Biophys. Acta 815, 245-258). The ¢errelation between 
llte ibeoretkal pcedktiem m l  ~e exlm'imeatal f m ~  me in remoml~ agreement. Stall changes in ~ 
mekx~ar l ~ m e t m  el the individual ~ ~ i ~ l s  or in their ~ in mixtms with di- 
l ~ n i t o y l ~ l d m l i n e  bring almet remrkab~ variatiom on the type of stretq~ formed, its radius of 
e~vatere a ~  t h e m ~ m l e  ~il ity.  
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The pioneering work of Tanford [1,2] on the 
thermodynamics of self.association of amphiphiies 
in aqueous solutions was further devdoped by 
considering more explicitly the molecular geome- 
try by israelachvili and collaborators [3,4]. These 
studies have demonstrated that the shape of a 
multimolecular lipid structure is due to a balance 
of simultaneous constraints imposed on the lipid. 
water system by the molecular geometry, inter- 
acting free energies and entropy. 

A theoretical discussion of the possible struc- 
ture of model membrane systems containing neu- 
tral and anionic glycosphingolipids employing 
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th~.ese criteria and experimental studies on several 
factors that can influence the transverse or lateral 
topography, shape and stability of these aggre- 
gates have been previously published [5-11]. In 
the present work we have studied direcdy by 
negative staining electron microscopy the mor- 
phology adopted by several glycosphingolipids and 
their mixtures with DPPC in different propor- 
tions; these features are interpreted on the basis of 
the thermodynamic and geometric properties of 
glycosphingofipid molecules. The results indicate 
that, at least in its overall features, the Tanford- 
Israelachvili approach for the self.association of 
lipid amphlphiles is in agreement with the mot. 
phological features found for systems containing 
glycosphingolipids in aqueous solution. This pro- 
v/des a useful framework within which alterations 
in membrane morphology, stability and function 
induced by glycosphingolipids can be more clearly 
understood. 

Materials and Me~ods 

Bovine brain GalCer, sulfatide and GicCer from 
Gancher spleen were purchased from Analab, 
North Haven, CT. DFFC was from Avanti Inc. 
Birmingham, AL. Gangliosides GM2 , GMI , GD1 a 
and GTI b were purified from bovine brain by 
DEAE-Sephadex and Iatrobeads column chro- 
matographies as described elsewhere [12,13]. 
LacCer and G m were purified from bovine adrenal 
medulla [14]. 

Gangliotetraosylceramide (Gg4Cer or asialo- 
GM1 ) from bovine brain and gangliotriosyl- 
ceramide (C',g3Cer or asialo-GM2 ) from human 
brain were obtained from a ganglioside mixture by 
mild formic acid desialylat'on followed by purifi. 
cation on an Iatrobeads column [15]. The purity of 
the glyco~hingolipids was at least 95~ as judged 
by HPTLC [16]. All solvents were freshly distilled 
before use and chemicals were of analytical re- 
agent grade. 

Lipid dispersions were prepared by pipetting 
the proper amount of lipid from chloroform- 
methanol (2:1, v/v) solutions into round.bottom 
tubes. The solvent was evaporated under a stream 
of N 2 and the lipid was heated to 55°C for 1 h 
and dried under vacuo for at. least 4 h. Aqueous 
dispersions (1-7 mg/ml) were prepared as prey/- 

ously described [17] by hydrating the lipids for 5 
rain at 95 o C, vortexed gentiy (at the lower speed 
setting) twice for 1 rain each with an interval of 2 
rain during which the samples were kept at 95 o C, 
vortexed again for 1 rain and left at 22°C for 1 h 
before processing for negative staining. This treat- 
ment led to a reproducible and stable phase be- 
havior as judged by high.sensitivity differential 
scanning calorimetry at low scan rates [17]. The 
procedure was strictly standardized and per- 
formed equally for all the dispersions; sonication 
was avoided in order to study the spontaneous 
shape adopted. HPTLC analysis performed after 
this treatment or after the negative staining proce- 
dure gave no evidence of degradation or con- 
tamination and the samples showed a similar mor- 
phology after being kept for several days at 4°C. 

The negative staining solution was selected by 
studying the behavior of the lipid dispersions with 
sodium phosphotungstate, sodium silicotungstate 
or sodium phosphomolybdate at a concentration 
of 2~ (w/v). The osmolarity was kept at 300 
mosM with NaC1. Three different methods for 
negative staining were examined: (a) the lipids 
were dispersed directly into the solution contain. 
hag the negative stain and this preparation was 
transfe, red to a pure carbon film produced by 
flash evaporation of carbonized yarn onto freshly 
cleaved and glow discharged mica sheets and then 
to uncoated 300 mesh copper grids for observa. 
tion, after draining the excess solutions with filter 
paper in the usual manner; (b) a drop of the fipid 
dispersion prepared in the NaCI solution without 
the negative stain was mixed with a drop of the 
negative stain solution and then transferred to the 
carbon film and onto the grid and drained; (c) a 
drop of the lipid dispersion prepared in the NaCl 
solution without the negative stain was transferred 
to the carbon film and onto the grid, the excess 
solution drained with triter paper, and a drop of 
the negative staining solution was layered onto the 
grid and drained. The morphology of the different 
dispersions was very similar employing any of the 
three different procedures, However, a better con- 
trast due to more complete penetration of the 
negative stain within the interlamellar spaces, uni- 
formity of background and resolution was gener- 
ally obtained when the lipid dispersions were pre- 
pared in 2to sodium phosphotungstate-NaCl (300 
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mosM final) accordin 8 to procedure (a) and this 
was selected for routine observation with a Phil. 
llps EM 300 electron microscope operating with 
an objective aperture of 20/~m and accelerating 
voltage of 60 kV. 

Measurement of the sizes of micelles, liposomes 
and of the hydrocarbon or aqueous interlamellar 
layers (i.e., the dark and clear layers representing, 
respectively, the zones penetrated by the aqueous 
solution containing the negative stain and those 
not) was done on suitably et~larged photographs 
of the dispersions using a m~gnifying ocular lupe 
(10 × ) having a graduated scale. For determining 
average sizes of the structures, population distri- 
bution and lamellar tinckness or spacings, 200 
measurements were done for each sample in dif- 
ferent fields of at least two different preparations 
and the values were averaged. The standard devia- 
tions of these values were within a maximum of 
4-155 of the averages given for any of the pre- 
parations. Theoretical calcnlafions of the predic- 
ted thermodynamic and geometric parameters for 
single or two.component systems were done with 
a computer program running an iterative al- 
gorithm to convergence according to the theory of 
self.assembly of hydrocarbon amphiphiles [3] pre- 
viously adapted to these systems [5]. 

Results 

Single.component systems 
(a) Neutral glycosphmgolipids. Fig. 1 shows the 

morphology and size distribution of liposomes 
formed by neutral glycosphingolipids. The multi- 
lamellar vesicles show a clear tendency to become 
smaller and more homogeneous in size as the 
ollgosaccharide chain of the glycosphingolipids is 
longer. 

GlcCer forms large vesicles; 835 of these have 
a diameter above 100 nm and 255 of the total are 
above 500 rim. The morphology for the GalCer 
vesicles is similar. Occasionally, flattened multi- 
lamellar structures or tubules with a diameter of 
about 50-100 am can be observed. These struc. 
turns for systems containing cerebrosides were de- 
scribed before [18-20]. Under the same condi- 
tions, multilamellar vesicles of DPPC (not shown) 
reveal sizes in which 965 of the structures are 
above 100 nm diameter with ~ $  of the total ~ th  

a diameter between 500 and 700 nm. In the case 
of LacCer, 87~ of the vesicles have a diameter 
below 300 nm and the distribution is more homo- 
geneous since only 195 of them have a diameter 
bdow go nat while 73~ have diameters in the 
80-300 nm range. The vesicles are srr~ler and the 
distribution even more homogeneous for Gg~Cer 
and Gg4Cer for which 97~ and 995 of the vesicles 
correspond to sizes between 40 and 100 nm and 20 
and 80 nm, respectively. Both the spacings corre- 
sponding to the hydrophobic layer and the aque- 
ous intedameilar period increase as the oligosac- 
charide chain is longer. The values for GIcCer, 
LacCer, Gg~Cer and Gg4Cer are 4.3, 4.7, 4.8, and 
5.1 ~ for the hydrocarbon layer and 1.5, 2.0, 2.5, 
and 2.8 nm for the aqueous space, respectively. 

Fig. 2a compares the radius of curvature of 
vesicles formed by the different neu'xal glyco- 
sphingolipids, the values conespond to the max- 
ima of the distribution histograms in the corre- 
sponding photographs of Fig. 1. The radius of 
curvature theoretically expected for the same giy- 
cosphingolipids on the basis of their molecular 
geometry [5] are also shown in Fig. 2a at two 
different lateral surface pressures. As can be seep. 
variations of the values of surface pressure at 
which the theoretical radii are calculated do not 
modify the general agreement, with the experimcn. 
tal data nor the dependence of the radi~¢ of 
curvature with the type of glycosphingolipids. It 
should, however, be pointed out that the surface 
pressure may show important fluctuations about 
the average value [23], especially for the more 
liquid expanded glycosphingolipids [22]. The aver- 
age values of surface pressure more relevant to 
biomembranes are probably about 30 raN. m- 1 or 
above [4,21]. 

(b) Anionic g~veosphingolipids. Fig. I also shows 
the morphology of negatively stained dispersions 
of sulgatide and gaagliosides of different complex- 
ity. Sulfatide reveals multilamellar vesicles of a 
size similar to those of OlcCer, GalCer or LacCer 
but uslmlly containing fewer lameUae and with a 
greater spread of the size distribution. The thick. 
hess of the hydrocarbon layer is 4.8 ma and the" 
aqueous interlamellar spacing is 2.0 nm. 

The morphology of the ganglioside dispersions 
is very different since these lil~ ls do not form 
vesicular structures. Gangliosides GM3 and Gin, 
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Fig. 2. Diameter of vesicles fotm,.¢l by ind/vidual ~ycosphin- 
8olipids and their mixtures with DPPC. Left: the diameters 
raeasured experimentally (@) or theoretic, ally calculated at 30 
mN.m -I (o) and 35 mN.m -] (~) are shown for the individ- 
ual neutral 81ycosphingoSpids (a) and 8anglimides (b). Right: 
the diameters experimentally measured in prepatafior~ con- 
raining DPPC and neutral (c) or anionic (d) giycosphingolipids 
at different molar fractions are shown for GalCer.DPPC (0); 
LacCcr.DPl~ (e); G83Cer.DPPC (13); CJg4Cer.DPPC ~1); 
sulfatide-DPPC (o); GMyDPPC (e); GMI-DPPC (O); GDI ,- 

DPPC (II) and Gxm-DPPC (A). 

with the shorter oligosaccharide chains of the 
series, form miceHes of varied geometry, Three 
general structures can be visualized: small spheri. 
call miceHes of an average diameter of 7.2 nm for 
GM3 and 6.8 nm for GMS; globular or toroidal 
micelles of an axial ratio of about 2.4 for GM3 and 
about 2,9 for G m  or long cylindrical micelles of 
wavy appearance, The shorter micelles have a 
tendency to stack together. The cylindrical micelles 
have an average diameter of 7.3 nm for GM3 and 
6.9 nm for GMS; the length is variable and ranges 
from about 38 nm to 120 nm, these miceHes 
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usually tend :7 stack although this is more fre- 
quently seen for GM3 than for G m .  Long, wavy 
cylinders of more than 200 nm are aim seen which 
often show lateral merging or fusion with similar 
structures. The photographs in Fig. 1 show a 
varied range of lengths for these micell~ while the 
diameters are very similar for all the structures; 
this suggests that the different types of micelles 
arise either from rupture of the long cylindrical 
structures into smaller micelles or by fusion of the 
small spherical and globular micelles into the larger 
structures. When the cylinders are relatively short 
they are apparently stab'dized by stacking. The 
aqueous spacin~ among the stacking miceiles is 
abo~~ 2,4 rim. 

For ganglioside GMX, the predominant struc- 
tures are the spherical and the globular or toroidal 
micelles. The average diameter of the smallest 
spherical micelles is 6.1 nm and the axial ratio of 
the co~¢,monding globular micelles is 2.4 to 2.8, 
Spherical and globular micelles slightly bigger than 
these are also seen and probably correspond to 
structures formed by fusion or tight aggregation of 
between two and four smaller micelles. The 
micelles formed by OD! a and GTI b are even 
smaller than those of GMI and become difficult to 
resolve. Mostly spherical or elipsoidal micelles 
with an average diameter of 5.6 nm for Gin ,  
(axial ratio about 1.9) and 4.9 nm for GTlb are 
observed. Fig. 2b shows that the more frequent 
shapes observed are in reasonable agreement with 
theoretical expectations. 

Fig. 3a shows that when the lateral surface 
pressure acting on the molecules is increased, the 
theoretical values for the radius of curvature of 
bihyer vesicles of neutral glycosphingofipids or 
ganglioside micelles become greater. This is be- 
cause for a roughly similar hydrocarbon chain 
volume and length, the cross-sectional mean 
molecular area is less at higher lateral pressures 
[22] and the molecules become less wedge-shaped, 

Fifr 1. Negative stain electron micrographs of aqueous dis~ions of neutral and anionic 81yeosphingofipids. Gl~.A'r (a); LecCer Co); 
G83Cer (c); G84Cer (d); sulhtlde (e); Gm (f); GMz (g); GMi (h); GDI a (i) and Grt b (j). The bars represent 200 nm in a, b, c, d and 
e; 100 nm in f; 80 nm in g, i and j; 40 nm in h. The histograms of the size distribution for the diameters measured by the scale shown 
in (a) are givan for each of the preparations containing bilayer vesi¢leg the diameter distribution for micell¢; was homoi~eom 
around the size given in the text. The letters in the abscissa of the histograms correspond to the followin 8 size ranges: 20-40 nm (a); 

41-60 run (b); 61-80 nm (c); 81-100 nm (d); 101-300 van (e); 301-500 nm (f): 501-700 nm (g); 701-900 nm (h). 
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Fig. 3, Radius of curvature and free energy per molecule of 
structu~ of individual glycosphingo]ipids. The theorezicaIly 
ca[culat~l radius of cur¢~turc (a and c) ~d free energy per 
molecale @ and d) at the surface pressure indicated are shown 
for bilayer vesicles of the following neutral glycosphingolipids 
(a and b): GIcC~'. (v:hite b~r~); LacCer (lia~ bars); Gg3Cct 
(dotted bars); Gg4C.cr (black bars); or for mice|les (c and d) of 
the gangliosides G m (white bars); G m (stappled bars); GMi 

(dotted bars); GDI a (lined bars); and GTib @lack bats). 

thus admitting a more favorable parallel inter- 
molecular packing (see Ref. 5 and discussion be- 
low). At each pressure, the predicted radii are 
smaller for the glycosphingolipids with the longer 
oligosaccharide chain. Concomitantly, the theory 
indicates that the free energy of the molecule at 
the surface becomes greater for vesicles or micelles 
with the smaller radius (Figs. 3b, d). 

Two.component systems 
(a) Neutral glycosphingolipids. Neutral glyco- 

sphingolipids have the effect of lowering the aver- 
age radius of multilamellar vesicles of DPPC 
according to their proportion (Fig. 4). In the pres- 
ence of GlcCer (or GalCer) the diameter of the 
vesicles is shifted to below 500 ]am compared to 

the more frequent sizes of vesicles of about 
500-700 nm obserVed for DPPC alone (see the 
above section). This is in agreement with recent 
observations performed in mixed systems of puri- 
fied cerebrosides and DPPC [18]. At a molar 
fraction of GlcCcr of 0.177, about 62~ of the total 
population of vesicles is below 500 nm. Increasing 
the proportion of GlcCer introduces little varia- 
tion but there is a tendency to slightly increase the 
vesicle diameter as shown in Figs. 2c and 4. At 
molar fractions of OlcCer of 0.52 there are dearly 
two predominant populations of vesicles with 32% 
of them in the range of 60-100 nm and 40% 
between 100 and 500 rim. The vesicle population 
becomes again more homogeneous at a molar 
fraction of GlcCer of 0.80. A similar pattern was 
found for mixtures of DPPC with GalCer. 

The variation of shape for mixtures of DPPC 
with LacCer is similar but the vesicular diameters 
are shifted to smaller values. The more frequent 
vesicles have sizes in the range of 100-300 nm 
depending on the amount of LacCer in the binary 
system (Figs. 2c and 4). Glycosphingo'fipids with 
three (Og3Cer) and four (Gg4Cer) carbohydrate 
residues further reduce the size of the vesicles 
formed with DPPC. The more frequent vesicles 
for these mixtures are below i00 nm in diameter 
and this is further decreased by increasing the 
proportion of glycosphingolipids in the mixture; 
most vesicles containing Gg3Cer or Gg4Cer have 
diameters in the range of 20-80 nm at molar 
fractions of glycosphingolipids above 0.70 (Figs. 
2c and 4). Some structures resembling flat stacked 
discs are seen for mixtures of DPPC and Gg4Cer 
in these proportions. 

(b) Anionic glycosphiw,~olipids. The effect of 
sulfatide on the size of vesicles formed with DPPC 
is more marked than that of GIcCer or GalCer 
(Fig. 5). The diameter of most vesicles is about 
100 nm for a molar fraction of sulfatide of 0.166, 
This size does not change mu~,h by increasing the 

Fig. 4, Negative stain dcctron micrographs of aqueous dispersions of mixtures of neutrad glycosphingolipids and DPPC at different 
molar fractions (X)of  glycosphingolipids, GIcCcr-DPPC: X= 0.177 (a); X= 0.S20 (b); X ffiOJ~O (c). La~cr-DPPC: X,~0.164 
(d); X=0.532 (¢); X~,0.730 (f). Gg3Ccr-DPPC: X=0.130 (g); X=0.462 (h); X~0.797 (i). Gg4Ccr-DPPC: X=0.168 (j); 
X= 0.462 (k); X = 0.940 (I). The bars represent 400 nm in ¢, ¢, i and j; 300 ran in I; 200 nm in a, b, d, |, 8, h and k. The histo~'ams of 
the size distribution [or the diameters measured by the scale shown in (a) arc given for each preparation. The letters in the abcissa of 

the histograms correspond to the sizes given in the l~¢nd of Fig. 1. 
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molar fraction of sulfatide up to about 0.50. Above 
this, an increase of the average size is induced 
(Figs. 2d and 5); most of the vesicles have diame- 
ters between 200 and 300 nm for a molar fraction 
of sulfatide of 0.545 a~ad the size becomes bigger 
and mere heterogeneous, ~.,;th more frequent di- 
mensions between 300 and 900 nm (Fig. 5) above 

e ,  . . . . . . . . .  . \ .  ! . . . .  

.;...% 

. . . . . . . . . .  C 

a molar fraction of sulfatidc of 0.70. As shown in 
Figs. 2d and 5, at molar fractions of GM3, GMI, 
Gob and Gr~b (not shown in Fig. 5) of 0.15, 0.17, 
0.12 and 0.10, respectively, the size of the multi- 
lamellar vesicles is similar and most of the vesicles 
have diameters smaller than 200 rim. The distribu- 
tion of sizes show a slight decrease in diameter as 

Fig. 6. Negative stain electron ndcrographs of aqueous dispersions of mixtures of G i v e r  or Gl~4C, er with DPPC at different molar 
fractions (X) of glycosphingoUpids. GIcCer.DPPC: Xffi 0.570 (a); Xffi,0.6$0 (b); XmO.740 (c). GG4Cc~-DPPC: X -  0.420 (d); 

X = 0.7,50 (e); X - 0.170 (f). The bars rq3r~-nt 2000 nm in a; 1000 ran in b and f; 200 run in ¢ and ¢; 100 nm in d. 
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the molar fraction of gangliosides in the mixture is 
increased up to 0.35, 0.28, 0.1g and 0.14 for GM3 , 
G i t ,  Gml  and Glab, respectively. At these molar 
fractions remarkable morphological changes occur 
and two types of structures, vesicles and micelks, 
are observed (Fig. 5). As the amount of gan#o-  
sides is increased in the mixture the proportion of 
vesicles decreases while micelles become predomi- 
nant. In addition, the size of the vesicles decreases 
(Fig. 2d) while the mieelles show varied shapes 
such as cylindrical micelles of different lengths, 
globular mice!!~ artd small spherical micelles de. 
pending on the proportion of ganglioside (Figs. 2d 
and 5). Also, some structures resembling open 
vesicles or flattened sheets of considerable size 
(Fig. 5) are seen at molar fractions of 0.58 for 
G m,  0.38 for GMI , 0.31 for Gmi  and 0.25 for 
G~b (not shown). 

Fig. 6 shows that the vesicular diameter does 
not show a monotonical variation with composi- 
tion but it exhibits maxima at certain proportions 
of glycosphingolipids. The more frequent vesicular 
diameter is in the range of 200-400 nm for 
DPPC-GIcCcr (X=0.57) and 50-100 nm for 
DPPC-Gg4Cer (X = 0.42); it increases to the range 
of 500--700 nm for DPPC-GIcCer (X = 0.65) and 
to 100-300 nm for DPPC-Gg4Cer (X = 0.25). The 
average vesicular radius then decreases to values 

1 

Fig. 8. Illustration of the v~ation of the radius of cmwam~ 
with composition and surface pressure for GtcCcroDPPC, 

in the r~'~g¢ of 100-200 nm for DPPC-GlcCer 
(X= 0.74) and to 50-100 tun for DPPC-Gg4Ce, 
(X=  0.17). These cesults are comparable to the 
theoretical expectations shown in Fig. 7. In 
addition, the theory predicts that the radius of 
curvature will depend on the surface pre~ure ~ d  
marked variations of the vesicular geometry may 
occur by small changes of composition and inter- 
molecular packing (Fig. 8 illustrates this feature 
for the system GIcCer-DPPC, the general behavior 
of other ,~ystems is similar). 

0 02 0/, 0.6 0.8 1 
Notar fraction of DPPC 

Fig. "1. Radius of curvature of mixtures of 81ycosphiagolipids 
with DPPC. The theoretically calculated radius of curvature of 
bilayer vesicles formed by mixtures with DPPC at the molar 
ratios indicated are shown for G84Cer.DPPC (0) or for 
Ovlt-DPPC (0). The dashed line in flu: latter system repre- 
sents a region of composition where no structure can be 
predicted by the ¢arrcnt theory (see Re[. 5). The experimen- 
tally measured values are shown with the corresponding black 

symbob. 

Discuss~n 

The results described here clearly show that the 
type of oligosaccharide chain in neutral and 
anionic glycosphingofipids and their proportions 
in mixtures with DPPC have a remarkable in- 
fluence on membrane morphology. These proper. 
ties have profound effects in determining the final 
stability and the very existence of a bilayer mem- 
brane. This is consistent with previous theoretical 
analysis and several e~perimental studies [5-11, 
ls,49l. 

Single.component systems 
Both theoretical and experimental observations 

(Figs. 1 and 2) show hhat leutr~ glycospl-,iqgoli. 
pids can form bilayer structures with a radius of 
curvature decrease in the order GlcCer = GalCet 
> LacCer > Gg3Cer > Gg4Cer. This is because the 
polar head group size, protrusion and optimal area 
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exposed to the aqueous phase in relation to the 
volume of the hydrocarbon portion determines a 
molecular shape further away from a cylinder and 
more similar to a cone as lhe glycosphingolipids 
are more complex [22,51]. 

For glycosphlngolipids with short oligosac- 
charide chains such as GlcCer and GalCer the 
packing constraints allow the formation of rather 
large bilayer vesicles, This is detem~ed by both 
the entropy of the system and the molecular 
geometry; the latter is measured by the critical 
packing parameter (O/aol¢) that relates the opti- 
mal cross-sectional molecuhx area a,, the hydro- 
carbon chain volume v and the maximal hydro- 
phobic length l c [3]. These bilayers are stable since 
the free energy per molecule at the surface is low 
but the competing factor for a bigger sioux is ent- 
ropy. This estabfishes an upper lin~it for the aggre- 
gation number compatible with the entropy of the 
aqueous phase that continuously favors maximal 
lipid asgregation in order to minimize the lipid/ 
water interface. If the lateral surface pressure is 
decreased below 20 naN- m -1, the area per polar 
head group exl;osed to water increases in relation 
to the hydrocarbon chain volume. In this ease, the 
critical packing parameter decreases [5] and the 
surface free energy per molecde acquires higher 
values (Fig. 3). Even if within certain limits this 
may not conflict with entropy, the molecular 
geometry becomes inadequate for the formation of 
large bilayer vesicles and these will spontaneously 
break into smaller ones. In a membrane, this can 
occur because the lateral surface pressure is a 
fluctuating p~rameter that introduces periodical 
tangential stress cad variations of compressibility 
[23] along the membrane plane. This affects and 
is, in turn, modified by other factors that can 
control morphology such as the phase state and 
intermolecular interactions in the hy&ocarbon and 
polar head group region [17,24,26]. Effects of this 
type may explain the observed heterogeneous 
pep~at.i_on of vesicles and morpholo$ical changes 
induced by temperature variations [27]. 

For LacCer, Gg3Cer and Gg4Cer the critical 
packing parameter still allows the formation of 
bilayer vesicles but both the molecular geometry 
and entropy are more compatible with a smaller 
size; these are the structures observed (Figs. 1 and 
2) even if the system must then concede a hiOer 

free energy per molecule (Fig. 3). Similar factors 
operate when the oligosaccharide chain exceeds a 
certain size or suffers changes in orientation with 
respect to the hydrocarbon portion, In practice, 
this has the same effect as ~ltering the hydro- 
philic-hyclrophobic length balance for opthnal sta- 
bility [22] or the molecular area exposed to water. 
A different conformation of the polar head group 
also had a marked influence on the mo~hoIogy of 
the structure. The conformation of globoside 
(Gb4Cer) with an I-bent oligosaccharide chain 
compared to the straight conformation of asialo- 
GMt (Gg+Cer) leads to a larger value of the cross- 
sectional molecular area in relation to the hydro- 
carbon portion [28]. This determines a critical 
packing parameter no longer compatible with the 
fo~mafioa of bilayer vesicles. Thus, globoside 
forms cylindrical micelles in aqueous dispersions 
[29] while Gg4Cer can still form vesicles. Sulfatide 
forms vesicles similar to GlcCer, GalCer and 
LacCer with radii that are within the ranges pre- 
dicted by theory but rather more disperse in size 
(Fig. 1). 

For gangliosides, the molecular geometry de- 
termines critical packing parameters that are well 
out those allowing the formation of bilayer vesicles 
and only micelles of different shapes are found 
(Figs. 1 and 2). Values for the critical packing 
parameter for all these systems at different surface 
pressures were pre,,-iously published [5]. The geo- 
metrical features and aggregation number of 
miceUes formed by gangliosides GM3, GM2, GM], 
GD1 . and GTlb were previously calculated with 
the Israelachvili model [5] employing the experi- 
mentally determined molecular parameters [22]. 
Recently, these features were experimentally mea- 
sured in a series of studies using laser light scatter- 
ing and small angle neutron scattering [8,30,31]. 
With these studies, precise data on the molecular 
weight, hydrodynamic radius and axial asymmetry 
were obtained for the above gan~oside series. 
These results are in agreement with the theoretical 
predictio~m reported [5] and with the observations 
made in the present work (Figs. 1 and 2). 

Compared to the other gangliosides, G M3 and 
GM2 contain the shorter oligosaccharide chains 
and have the smaller cross-sectional areas in rela- 
tion to the hydrocarbon portion [22]; their critical 
packing parameter is similar and out of the range 
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in which bilaycr vesicles are permitted but it is 
compatible with the formation of cylindrical 
micelles [5]. These structures of variable length are 
abundantly observed (Fig. 1). However, smaller 
eliptical or toroidal and spherical miceHes are also 
seen. Obviously, entropy constraints set an upper 
limit for the aggregation number; cylindrical 
micelles formed either spontaneously or by subse- 
quent fusion of smaller structures (see Results) 
have lengths that are rarely beyond 700 nm. The 
structures formed by these 8angliosides are similar 
tO those described for globoside [29]. 

As the ganglioside oligosa~haride chain be- 
comes more complex (e,g., Gin, Gin, and GTlb) 
the critical packing parameter takes progressively 
smaller values [5]. Elipsoidal and globular or 
toroidal shapes are frequently seen for G Mt and 
Gvh and small spherical micelles for G-m, (Fig. 
1.), "~,~e axi.~l r~.tio and the ag~egation number for 
the elipsoidal shapes are in good agreement with 
the values predicted by theory (Fig. 2, Ref. 5) and 
with the axial ratios and molecular weights de- 
termined by radiation scattering [8,31]. As ex- 
pected, the surface free energy per molecule is 
higher for the sma!ler structures and, even more, 
at lower lateral surface pressures (Fig. 3); this is 
because the cross-sectional area exposed at the 
hydroearbon/water interface becomes greater for 
the gangliosides with longer oligosaccharide chains 
and at lower lateral pressures [22]. However, ex- 
eept for gangliosides Gm and Gm above 20 
mN. m - t  this has little influence on the possibili. 
ties for variation of the radius of curvature of the 
corresponding micelle (Fig. 3). This is because for 
the more complex gangliosides both the molecular 
geometry and the entropy factor favor a highly 
curved shape with almost no flexibility for pack- 
ing variations. Actually, these structures are in the 
very limit of their thermodynamic and geometrical 
possibilities for maintaining an aggregated state. 
More imbalance in the hydrophilic character or 
size of the polar head group in relation to the 
hydrocarbon portion, a relativeIy large fluctuation 
of the lateral pre.~ure (or variations of the polar 
head group orientation) result in vanishingiy sm.,dl 
intermolecular interactions and these molecules 
become soluble [17,36]. This may also explain the 
considerable tendency of 8anglioside micelles to 
exhibit a rather fast transfer of monomeric gang- 

liosides to bilayer vesicles described recently 
[32,33]. 

Two-component systems 
When two different classes of lipid form the 

aggregate the eompe~.~g thermodynamic and geo- 
metric constraints may, in principle, be more easily 
satisfied by an asymmetrical localization of the 
two different molcz~::s in the two halves of a 
bilayer membrane Apart from the indi','idual 
molecular geometry, two intimately related con- 
straints, one acting at short-range and the other at 
long-range have to be further balanced in this 
case. The fast refers to the establishraent of 
(favorable or unfavorable) intermolecular interac- 
tions that may result, in addition, in miscibility 
immiscibility of surface & nains at a longer range 
[24,26,34]. If imml.qeibility occurs, then individual 
shape constraints acting on the different composi- 
tional domains also have to l:e thermodynamically 
and geometrically compatibk,. The second consists 
c~f the progressive build-up of an unfavorable en- 
tropy term arising from the demixing process be- 
tween the inner and outer monolayer of the bi- 
layer membrane as the asymmetry in composition 
increases to satisfy the different molecular g~me- 
tries. 

The ~tical packing parameter of GlcCer, 
GalCer, LacCer and snlfatide allows for the for- 
marion of stable brayer vesicles whose more fre- 
quent sizes are smaller hut still in the range of 
those found for DPPC and, therefore, vary little 
with composition. In systems of DPPC-GalCer, it 
has been found that the type of fatty acyl chain in 
the ceramide moiety further influences the ment- 
brane morphology [18]. For mixtures of DPPC 
with Gg3Cer and Gg4Cer the more different 
molecular geometry induces chan~es of the vesicu- 
lar radius of curvature, especially at higher 
proportion of the glycosphingolipids (Figs. 2 and 
4). These shapes are in agreement with the varia- 
tions predicted by theory (see also Fig. 7). 

For systems containing gangliosides, the geo- 
metrical stress introduced by the markedly differ- 
ent molecular parameters of gangliosides and 
DPPC cannot be refieved by asymmetry beyond a 
certain c;~mposition. In general, bilayer vesicles 
are possible only for a limited amom,.t of ganglio- 
sides. These structures are always much smaller 
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than the vesicles formed by DPPC alone or mixed 
with neutral glycosphingofipids and tend to slightly 
reduce their size as the proportion of gangliosides 
increases and as the oligosaccharide chain in the 
ganglioside becomes more complex (Figs. 2 and 
5). More than 80~ of the gangliosides have been 
previously found to be accessible to chemical re- 
agents on the external surface of brayer vesicles 
formed by mixtures of ganglioside with DPPC 
[I1,35,37]. When the proportion of ganglioside 
reaches a certain value a drastic structural re- 
arrangement takes place and cylindrical, efipsoidal 
and spherical micelles are formed. These micelles 
coexist with bilayer vesicles over a certain range of 
composition but as the proportion of gangliosides' 
increases the amount of vesicles decreases rapidly 
and, beyond a certain point, only micelles remain. 
The different shapes and ranges of coexistence are 
in good agreement with studies by radiation scatter 
and high sensitivity differential calorimetry per- 
formed with some of these systems [25,26,30,49] 
and arc adequately predicted by the Israelachvili 
model [5]. 

An interesting phenomenon is that the radius 
of curvature of the vesicular structures formed by 
glycosphingolipids and DPPC does not exhibit a 
monotonical variation (either always increasing, 
remaining invariant or always decreasing) with the 
composition but maximum values occur at par. 
ticular molar fractions (see examples in Figs. 6 
and 7). In the range of composition where this 
phenomenon is observed, the theoretical calcula. 
tions employing the average molecular parameters 
of the individual fipids usually indicate that vesic- 
ular structures can not be formed because the 
critical packing parameter for the average mole- 
cule in the mixture exceeds 1.00 [5]. However, it 
has been shown that the interracial stability, 
cross-sectional area, and orientation or length to 
which the oligosaccharide chain protrudes from 
the interface in relation to the hydrocarbon por- 
tion may vary considerably in a mixture of lipids. 
In addition, these parameters vary with the surface 
pressure, with the ofigosaccharide chain conforma. 
lion, with the type of interactions established with 
DPPC and other phospholipids and with the pres- 
ence of ' ' ,:-~.~,~o ['-,9a 36-38L water-sombJ e ,.,~,,,,,,,,, . . . .  , 

As discussed dsewhere [5], these modifications 
can be taken into account in the theoretical modd 

by three additional constraints: two geometric, 
related to the deviations of the values of mean 
molecular area and hydrocarbon volume in real 
systems compared to an ideal non.interacting mix- 
ture; and one thermodynamic, represented by the 
excess free energy of mixing compared to the ideal 
state [24], If the cross-sectional molmfiar area m 
relation to the hydrocarbon chak. length and 
volume used in the calculations is that experimen. 
tally measured for interacting systems [24], then 
the theoretical values also show the occurrence of 
peaks in the radius of curvature versus composi- 
tion curve; these are in fair agreement with the 
experimental observations (Fig. 7) and will obvi- 
ously depend on the lateral surface pressure at 
which the values for the molecular parameters are 
taken (Fig. 8). As theoretically expected, the hy- 
drocarbon chains no longer remain in the same 
conformational state in these conditions and the 
phase state changes in these mixtures [25,26]. 

The theoretical calculations employing the 
molecular parameters of real interacting systems 
also predict that the structure will accept a greater 
proportion of gangliosides while still remaining in 
the form of a bilayer vesicle. The critical point of 
composition predicted by theory for a drastic 
structural rearrangement and formation of the 
micel!ar ~ggregete ;.n mixtures with DPPC corre- 
sponds to molar proportions of about 35~ for 
GM3 , 30~ for GM1 , 20~ GDI , and 15% Ora,. 
These values are very similar to those experimen- 
tally found for the region of coexistence of bilayer 
vesicles and micelles (Figs. 2d and 5) [25,26,3026]. 
By contrast, if the molecular parameters employed 
to predict the morphology of the mixed system are 
those corresponding to an ideal mixture, the maxi. 
mal proportion of gangliosides compatible with 
the formation of a brayer vesicle are below 20~ 
for G m, 15~ for Ou~, 85 for GD1 , and 2~ for 
GTI b [5] and these values do not coincide with the 
experimental findings. 

The reasonable agreement between theory and 
experimental data provides further evidence for 
the existence of a close correlation between the 
behavior of monolayers and brayers in these sys- 
tems {39] and for the general validity of the Israe. 
lachvili theory for describing the structural and 
thermodynamic behavior of s~,pfified m~el 
membranes. The changes of membrane shape and 
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stability observed have biological implications and 
strengthen the concept that these lipids may be 
important for mediating, transducing or amplify- 
ing cell surface phenomena. The present results 
demonstrate directly the extreme sensitivity of the 
membrane morphology to what may be consid- 
ered relatively small variations of ~e fipid com- 
position, molecular structure or physical state. For 
example, the presence of a single additional 
carbohydrate residue in the oligosaccharide chain, 
a fluctuation of only 2 raN. m -1 in the surface 
pressure or a change in composition of less than 2 
mol% can bring about dramatic changes of the 
radius of curvature and membrane stability. A 1% 
variation of the packing parameter for Oul causes 
a 205 change in the molecular weight of the 
micelle [31]; the inclusion of an additional 2 tool5 
gunglioside in a mixed system with DPPC com- 
pletely abolishes the pretransition endotherm of 
the phospholi0id [26] and brings about changes of 
as much as 30-405 of the mean molecular area or 
surface potential per molecule [24]. This variation 
has remarkable and amplified consequences on 
the radius of curvature and structural stability. 

On the other hand, the composition and physi- 
cal state of the membrv e will have to be adjusted 
if changes of the vesicular size or membrane 
curvature exceed the limits imposed to the system 
by the thermodynamic-geometric constraints. This 
may occur either by modifying the lateral and 
transverse topography [ll] or by reorganizing into 
a different state of aggregation' this may either 
remain as a domain within the same general struc- 
ture, adopt different local curvatures [5,34,35] or 
be forced to separate into the bulk phase. These 
phenomena may be important for explaining the 
composition-dependent shape variations of glyco- 
sphingolipid-contalnin 8 membranes in the central 
nervous system during development [40,41]; also, 
they are probably involved in the formation of 
peculiar membranous bodies or fipid inclusions of 
particular morphology in hereditary sphingoli- 
pidosis when a certain amount of glycosphingofi- 
pid exceeds the stability limit for the membrane 
[42]; or in membr~e vesiculation, fusion and 
instability brought about when the glyeosphin- 
golipid composition is altered in relation to other 
lipids in demyelinatin$ diseases [36,43,44]. 

Furthermore, m a mcmbrane .with an heteroge- 
neous glycosphlngollpid composition each particu- 

lar membrane region containing a defined popula- 
tion of molecules in certain proportions will prob- 
ably tend to adopt its ovm cons*.rained shape and 
features [5,34]. If these are mutually compatible 
within a 8eneral structure then I ~  variations 
of the radius of curvawxe may l~d to transient 
protrusions ~ d  fluctuating membrane modons. 
IL on the other hano, the thermodynamic and 
geometric limits are exceeded then more drastic 
structural rearrangements in the form of tubules 
or membrane processes [18-20] vesiculation and 
fusion [45] or miceHizafion will occur. In agree- 
ment with the above results, the glycosphingofipid 
composition and topography in different domains 
along the lateral or transverse membrane plane is 
different [11,46] although this is further regulated 
by the thermodynamic miscibility of each particu- 
lar system [26,47]. Our results support the concept 
[48] that biological membranes containing these 
lipids should be represented as a mosaic of do- 
mains with different properties. These may rapidly 
adjust thermodynamically and morphologically to 
the actual intermolecular interactions within the 
membrane and with the external environment and 
have, in this manner, important functional conse- 
quences as multimolecular transducers or signal 
amplifiers. 
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