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The thermotropic properties of aqueous phosphatidylethanolamine dispersions vary with hydration. Mea- 
sured by EPR-spectroscopy freshly hydrated dimyristoylphosphatidylethanolamine dispersions exhibit a gel 
to liquid-crystalline phase transition at Tml = 48 ° C. Dehydration could be induced by prolonged incubation 
of a hydrated sample at 4 o C. The phase transition temperature of the dehydrated phase was determined to 
be Tmh ----- 54 o C. From the measured phase transition curves we followed the dehydration with time and found 
a cooperative nucleation process. A 50% dehydration was reached after 5 days. This dehydration process 
could be prevented by gangliosides: 1.5 moi% of GTlb, 4 moi% of GM1 or 7 moi% of Gol a or GM3 but also 7 
tool% of phosphatidic acid were able to stabilize the hydrated phase completely. The effect of gangliosides 
GMI, GM3 , Gnla, GTI b and of the negatively charged phosphatidic acid on the phase behaviour of di- 
myristoylphosphatidylethanolamine (DMPE) dispersions were investigated. The phase transition tempera- 
ture of freshly hydrated DMPE samples was successively decreased from 48 to 43°C with increasing 
amounts of Gnl ~ up to 10 tool% whereby the phase transition was significantly broadened. Gangliosides 
GM1, GM3 and GT1 b as well as phosphatidic acid had minor effects. Dispersions of pure DMPE prepared 
below the transition temperature Tml form the dehydrated phase again with a melting temperature of 
Tm h = 540 C. In the presence of 10 mol% GDI a or GTI b this value is reduced to T,~, the phase transition 
temperature of the hydrated phase. The reduction induced by GM3 is less pronounced. With GMI or 
phosphatidic acid the samples remain partially dehydrated and the phase transition curves become biphasic 
up to 7 tool% ganglioside or phosphatidic acid. 

Introduction 

The bilayer lipid membrane is the fundamental 
structural component and permeability barrier of 

biological membranes. Pure lipids have provided 
useful models for studying interactions of mem- 
brane lipids with other membrane components in 
reconstituted systems. 

Abbreviations: 
GMI~ 
GM3, 
GD1, 
GT1b, 
DMPA, 
DMPE, 
rm, 

Th, 
monosialoganglioside G M1; 
monosialoganglioside GM3; Tin I, 
disialoganglioside GDaa; 
trisialoganglioside GTab; Tmh, 
1,2-dimyristoyl-sn-glycero-3-phosphatidic acid; 
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine; EPR, 
main phase transition temperature for the gel to TEMPO, 
liquid-crystalline transition; 

phase transition temperature for the liquid-crystal- 
line to hexagonal Hn-phase; 
phase transition temperature of the low melting 
hydrated gel phase; 
phase transition temperature of the high melting 
dehydrated subgel phase; 
electron paramagnetic resonance; 
2,2,6,6-tetramethylpiperidine-l-oxide. 
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Membrane phospholipids can be divided into 
different groups depending on their structural and 
physicochemical properties. One can distinguish 
cone-shape, and cylindrical inverted cone-shape 
types of lipids [1]. Phosphatidylethanolamines are 
major membrane phospholipids, belonging to the 
nonbilayer cone-shape type [2]. In this type of 
lipids the area of the head group is small com- 
pared to the area of the hydrocarbon chains and it 
is characterized by a high intra- and intermem- 
brane hydrogen bonding capacity [3,4]. Therefore 
phosphatidylethanolamines form lamellar struc- 
tures separated by unusually thin water layers. 
The water layer thickness is about 0.5 nm, which 
corresponds to the diameter of about two water 
molecules. Under certain conditions phosphatid- 
ylethanolamines prefer the nonbilayer inverted 
hexagonal (HII) phase [5,6]. 

Other membrane phospholipid species like 
phosphatidylcholine, phosphatidylserine and 
phosphatidic acid readily form dosed bilayer 
structures under physiological conditions. They 
belong to the bilayer forming cylindrical type of 
lipids due to the larger area occupied by the head 
group or due to electrostatic repulsion between 
neighbouring molecules [5,7]. 

Lipids, with a large volume relation between 
the head group and the hydrocarbon moiety be- 
long to the inverted cone-shape type and are de- 
tergent like. Above a certain critical micellar con- 
centration they organize themself in micelles. Well 
known examples are gangliosides, which form 
micelles at concentrations below 10 -8 M [8]. 
Mixed cone-shape and inverted cone-shape lipids, 
e.g. phosphatidylethanolamines and gangliosides, 
can pack complementarily to form bilayer struc- 
tures. 

The structural polymorphism of phosphatidyl- 
ethanolamines depends on temperature, hydration 
and lipid chain length [4]. 

Two solid bilayer phases that differ in their 
hydration have been described [9,10]. Both phases 
show a bilayer to bilayer type phase transition. In 
hydrated samples the well known gel phase (L~) 
with hexagonal chain packing is metastable and 
converts into the L~, phase. The phase transition 
to the L~ phase is observable at T~. 

A second stable crystalline or subgel bilayer- 
phase with orthorhombic acyl chain arrangement 

was described, which directly converts to the 
liquid-crystalline phase at a temperature much 
higher than T m [9,11,12J. This stable solid phase 
can be obtained by long time incubation of a 
hydrated sample at low temperature (4°C) or by 
sample preparation at T < T m [10]. This phase is 
characterized by low hydration, tight interchain 
packing and by an irreversible high-temperature 
phase transition [6,13]. 

At a temperature T h > T m the L~ phase con- 
verts into the H~ phase which is accompanied by 
additional conformational and motional disorder 
due to an increased number of gauche conformers 
in the acyl chain region near the lipid head group 
[13-17]. This phase will not be considered in the 
present work. 

Gangliosides as well as phosphatidylethanola- 
mines are enriched in nerve cell membranes, where 
their function and interaction is far from being 
understood. It has been supposed that ganglio- 
sides serve as CaZ+-storage agents and regulate 
nerve cell membrane permeability [18,19]. How- 
ever, very recently we have shown that ganglio- 
sides bind Ca 2+ with low affinity comparable to 
phosphatidylcholines [8] which excludes a prefer- 
ential Ca 2 +-binding, In extraneuronal tissue gang- 
liosides have been implicated in various surface 
recognition and physiological events [20,21]. 

The membrane function of gangliosides may 
well depend on the interaction with membrane 
lipids which are able to form hydrogen bonds like 
ethanolamines. Therefore we studied mixed lipid 
systems of phosphaIidylethanolamine and gang- 
liosides in the lamellar phases. The aim was to 
characterize the hydration and dehydration be- 
haviour of phosphatidylethanolamine membranes 
in the presence of physiological amounts of gang- 
liosides. 

Part of this work has been presented on the 3rd 
European Workshop on Bacterial Protein Toxins, 
Uberlingen, 1987. 

Material and Methods 

Analytical grade dimyristoylphosphatidylethan- 
olamine (DMPE) was purchased from Fluka 
(Neu-Ulm, F.R.G.), stored at - 2 0 ° C ,  and used 
as long as no degradation product (e.g. lyso-phos- 
phatidylethanolamine) could be found on analyti- 



cal TLC. 2,2,6,6-Tetramethylpiperidine-l-oxide 
(TEMPO) was from Aldrich (Steinheim, F.R.G.). 

Ganglioside extraction 
Gangliosides were extracted from bovine brain 

gray matter with chloroform/methanol/water 
followed by phase partition according to Sven- 
nerholm and Fredman [22]. The crude ganglioside 
extract was purified by ion exchange chromatogra- 
phy on DEAE-sepharose [23]. Pure GM1 and GTI b 
as well as a mixture of disialogangliosides were 
obtained. The latter were further purified by ad- 
sorption chromatography on an iatrobeads col- 
umn [24], which separated Go1 a and GD1 b. The 
purity of the isolated gangliosides was analysed by 
TLC on high performance silica gel coated plates 
[25] and sialic acid determination [26]. 

Vesicle preparation 
Gangliosides and phospholipids were dissolved 

in chloroform/methanol (1 : 1, v/v) and mixed in 
the appropriate amounts in glass tubes. Dry lipid 
films of DMPE and DMPE/ganglioside could be 
obtained by evaporation of the organic solvent by 
a stream of nitrogen at T >Tm and keeping the 
sample under vacuum for two hours. 

Pure DMPE lipid films were dispersed by 5 
rain sonication (Branson sonifier, microtip, power 
level 20 W) in 10 mM Tris-HC1 buffer (pH 7.2) 
containing 10 -3 M TEMPO spinlabel. The final 
lipid concentration was 1.6 mg/ml. Mixed 
DMPE/ganglioside films were dispersed in the 
same buffer but were vortexed with glass beads at 
a final lipid concentration of 4 mg/ml. It was 
necessary to use different dispersion methods for 
pure and mixed lipid samples, because DMPE 
hardly forms homogeneous dispersions in the 
aqueous phase. In the presence of gangliosides the 
lipids easily formed vesicle structures as was 
checked by electron microscopy (data not shown). 

Hydrated and dehydrated samples were ob- 
tained according to Mulukutla and Shipley [9] and 
Chowdhry and Dalziel [2]. Hydrated samples were 
dispersed above T m at 60°C, quickly cooled to 
2°C in icewater and immediately used for EPR 
spectroscopy. Hydrated preincubated samples were 
dispersed at 60°C, slowly cooled to 4°C in a 
refrigerator and stored at this temperature for 
varying times (1 day to 2 weeks). Dehydrated 

samples were prepared by dispersion of the lipid 
films in the above mentioned buffer at 15°C 
followed by 4 days incubation at 4 ° C. All samples 
were sedimented at 12000×g (Hettich micro- 
centrifuge) and the pelleted liposomes were trans- 
ferred into quartz capillaries for EPR measure- 
ments. Long time incubation did not cause phos- 
pholipid degradation as was shown by TLC. 

Analytical procedure 
Incorporation of ganglioside into the DMPE 

lipid phase was controlled by analytical de- 
termination of phosphorus [27] and sialic acid [26] 
in the sedimented liposomes. Ganglioside con- 
centration is given in mol% with respect to total 
lipid. 

EPR- TEMPO-partitioning 
Phase transition temperatures were determined 

by measuring the TEMPO-partitioning between 
the aqueous and the lipid phase [28]. EPR spectra 
were taken with a Varian E-4 spectrometer. Tem- 
perature was regulated by a heated N2-flow and 
controlled by a Keithley digital thermometer. 

Results 

Formation of the dehydrated phase in pure DMPE 
bilayers 

Previous studies using differential scanning 
calorimetry have shown that aqueous dispersions 
of DMPE can form two quite different types of 
solid phases in excess water [9-11]. A fully hy- 
drated gel phase forms rapidly by preparing the 
sample above the crystalline to liquid-crystalline 
phase transition temperature T m. The dehydrated 
phase can be generated either by dispersing the 
lipid in the aqueous medium below Tm~ or by 
incubating an initially hydrated sample at low 
temperature (4 ° C) for long periods of time. Fig. 1 
shows the phase transition curves of a hydrated 
and a dehydrated DMPE sample obtained by 
EPR-spectroscopy. The hydrated phase melts at 
Tn~---48°C and the dehydrated phase at T ~  = 
54 ° C. These values of the phase transition tem- 
perature are slightly below those (Tml = 49.6°C 
and T~---56.3°C) observed by Wilkinson and 
Nagle [11] using calorimetry. 
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Fig. 1. Phase transition curves of a freshly hydrated (e . - e)  
and a dehydrated (zx zx) DMPE sample measured by 
EPR spectroscopy using the TEMPO-partitioning method. The 
midpoints of the melting curves were taken as phase transition 
temperatures, which we determined to be Tr~ = 48 °C and 
Tmh = 54 ° C for the hydrated and dehydrated sample, respec- 
tively. Lipid dispersions were prepared by sonication at a 
concentration of 1.6 mg/ml in 10 mM Tris-HCl buffer (pH 
7.2) at 60°C for the hydrated probe and at 15°C for the 
dehydrated probe. Hydrated probes were quickly cooled in 
icewater and were immediately used for measurement. Dehy- 
drated samples were incubated for 4 days at 4 °C  before 

measurement. Scans were taken with increasing temperature. 

We investigated the time dependence of the 
dehydration process. Initially hydrated samples 
were incubated at 4°C for varying times up to 
eleven days in order to induce the transformation 
from a hydrated to the dehydrated PE phase. 
Phase transition curves as shown in Fig. 2 were 
taken starting after o n e  day of incubation. The 
obtained two step phase transition curves clearly 
demonstrate the coexistence of a hydrated and a 
dehydrated phase. From the corresponding step 
height we were able to estimate the amount of 
lipid in either phase. Until the fourth day of 
incubation the sample remains almost completely 
in the hydrated state. Between the fourth and fifth 
day a considerable amount of lipid converts into 
the dehydrated form. This dehydration process 
finally reaches a value of 70% after 7 days or 
longer. A complete relaxation into the stable dehy- 
drated state could not be reached within two 
weeks which is in agreement with earlier studies of 
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Fig. 2. Phase transition curves for hydrated DMPE samples, 
which were incubated at 4 °C for varying times. The incuba- 
tion times were: 1 day (o  o), 4 days (A-  a), 5 
days (rq .... O), 6 days (11- II) and 11 days 
(<) <}), respectively. Samples were prepared at 60°C 
by sonication at a lipid concentration of 1.6 mg/ml, slowly 
cooled to 4°C  and incubated at that temperature for the given 
time. The step heights h h y  d and h d e h y  d Of the corresponding 
phase transitions are marked for a sample after one day of 

incubation. 

Mulukufla and Shipley [9]. The time course of the 
dehydration process is shown in Fig. 3. The frac- 
tion of the dehydrated phase was calculated from 
the height of the corresponding phase transition 
step (hdehyd) with respect to the total height 
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Fig. 3. Time dependence of the dehydration after incubation at 
4 °C  of originally hydrated samples. The fraction of the hy- 
drated phase was determined from the quotient hhyd//(hhyd + 

h dehyd) of the corresponding step heights as shown in Fig. 2. 



(hdehy d q-hhyd) of the phase transition which is 
normalized to one in Fig. 2. The obtained time 
dependence has a sigmoidal shape. 

The dehydrated phase immediately converts to 
the hydrated phase if the sample is once heated 
above it's phase transition temperature T~, h. Re- 
scanning a dehydrated sample with decreasing 
temperature yields a phase transition curve with 
Tmj = 48 ° C. This indicates, that conversion f rom a 
solid Lp phase to the fluid L ,  phase is accompa- 
nied by a spontaneous and complete hydration of 
PE samples. 

The effect of gangliosides on the phase transition 
temperature of hydrated and dehydrated DMPE 
phases 

The main emphasis of the present study was to 
investigate the effect of gangliosides on the differ- 
ent DMPE phases and on their formation. Mixed 
membranes containing D M P E  and low concentra- 
tions (1-10 tool%) of gangliosides GM1, GM3, 
GDx a and G-rib were prepared under the above 
mentioned conditions. Phosphatidic acid (DMPA) 
was used for comparison to determine the pure 
charge effect. In contrast to ganghosides phos- 
phatidic acid carries its negative charge in a fixed 
position at the membrane  surface and therefore 
we can exclude an interference with different 
headgroup conformations. 

First we investigated the effect of G M1 , G M3 , 
GDla ,  GT1b and of phosphatidic acid on the hy- 
drated D M P E  phase. 1-10 mol% of GM1, GM3, 
GT~ b or phosphatidic acid have no significant 
effects on the phase transition of hydrated DMPE.  
Tm~ is shifted within + 1 C ° and the transition 
becomes slightly less cooperative at increasing 
ganglioside concentrations (data not shown). 

Remarkably different results are obtained with 
G D1 . (Fig. 4). The D M P E  phase transition is 
continuously shifted downward from 48°C  to 
43°C by the incorporation of 1-10 mol% of the 
disialoganglioside and the transition curve is sig- 
nificantly broadened. Obviously GDla,  but not 
GMt,  GM3 or GTlb,  destabilizes the hydrated 
phosphatidylethanolamine matrix and alters the 
lipid pack order. 

Secondly we investigated the influence of the 
different gangliosides on dehydrated D M P E  mem- 
branes (Figs. 5a and b). Samples were prepared at 
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Fig. 4. Phase transition curves of freshly hydrated mixed 
DMPE/GD1 ~ membranes. Ganglioside concentrations with 
respect to total lipid were: 1 mol% (o ©), 3 tool% 
(zx zx), 5 mol% (t~ El), 7 mol% (11 II) and 10 
mol% (Q ~), respectively. Samples were prepared at 
60 o C by vortexing with glass beads at a lipid concentration of 
4 mg/rrd in buffer, quickly cooled in icewater and were im- 

mediately taken for measurement. 

T < T m and in addition were hold at 4 ° C  for 4 
days. The dehydrated phase is formed in pure PE 
under these conditions. 

From the phase transition curves we realize an 
almost unchanged dehydrated phase at 1 mol% 
concentration of ganglioside G ~ I .  The transition 
curves of D M P E  membranes  containing Gola  or 
GT1 b are slightly broadened at that concentration. 

Differences are found at higher ganglioside 
concentrations. Monosialoganglioside G Ma up to 4 
mol% causes a biphasic transition curve with a low 
melting component  between 45 ° C  and 52°C and 
a highly cooperative melting component  at 54 ° C. 
A broad but  almost monophasic  transition with a 
transition temperature of about 51°C was found 
in the presence of 5 mol% GM1. Increasing the 
GM1 content to 10 mol% further decreases the 
phase transition temperature by only one degree 
but  the cooperativity of the transition remains 
unchanged. Ganglioside GM3 reduces Tmh tO about 
50 ° C  up to 10 tool% concentration but the transi- 
tion curves remain monophasic  (data not shown). 

GD1 a (Fig. 5b) at 3 and 6 mol% concentration 
remarkably inhibits the formation of the dehy- 
drated phase. In the presence of 10 mol% GD~ a we 
obtained a phase transition curve that is almost 
identical to the one obtained for pure hydrated 
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DMPE (Fig. 1). Comparable phase transition 
curves were found with GT1 b. 

The phase transition curves obtained for mixed 
D M P E / D M P A  membranes prepared under dehy- 

a_ ~ 2  

Mol% Ganglioside 

Fig. 6. Change in phase transition temperature of dehydrated 
(Tmh) and hydrated (Tml) DMPE-membranes with ganglioside 
concentration. Values for Tmh were taken from Fig. 5. Biphasic 
phase transition curves are considered by an upper and a lower 
transition midpoint. Tml values for GD1 a were taken from Fig. 
4. Other gangliosides do not alter Tmi remarkably as is shown 
by the straight line. GDI a (@ @), GT1 b (© ©), 

GM3 ([]- IT1), GM1 (X - -  X), DMPA ( ,  ~,). 

 --Tmh 

drating conditions are shown in Fig. 5c. In the 
presence of 3 or 5 mol% DMPA the phase transi- 
tion curve is biphasic and similar to the one 
obtained in the presence of GM]. DMPA as well 
inhibits the formation of the hydrated phase but 
to a smaller extent. 

The effect of gangliosides GM1 , GM3 , Go]" and 
G n b  on the phase transition temperatures of hy- 
drated and dehydrated PE-bilayers is summarized 
in Fig. 6. In the presence of Go1 a and GT1 b the 
phase transition of the dehydrated PE-phase is 
reduced from Tmh to Tml. With GM1 we observed a 

Fig. 5. Phase transition curves of mixed DMPE/ganglioside 
membranes under dehydrating conditions. Dispersions were 
prepared below the transition temperature at 15 *C by vortex- 
lng with glass beads at a final concentration of 4 mg/ml in 
buffer. Samples were held at 4 °C  for 4 days before measure- 
ment. (a) DMPE/GM1: 1 mol% (© o), 3 mol% 
(zx zx), 4 mol% ( i  A), 5 mol% (O D) and 10 
mol% (O " ~) ,  respectively. (b) DMPE/Gma:  1 tool% 
(© ©), 3 mol% (A A), 6 mol% (A A), 10 
mol% ( ~  ~ )  ganglioside. (c) DMPE/DMPA: 1 mol% 
(-" I),  3 mol% (A A), 5 mol% (n n), 7 

mol% ( I  I )  and 10 mol% (O ~ )  DMPA. 



biphasic transition up to 5 mol% (hatched area). 
Even in the presence of 10 mol% Tmh is only 
reduced to 50°C. Equivalent results were ob- 
tained for phosphatidic acid in PE-membranes 
prepared under dehydrating conditions. GM3 re- 
duces Tmh tO 51 ° C. 

Hydrated PE-membranes are not significantly 
effected by GM], GM3, GTlb or phosphatidic acid. 
G M1 and G M3 slightly increases the phase transi- 
tion temperature by 0.5 C °. In contrast GD1 a is 
the only ganglioside in our series that reduces Tm] 
from 48 to 43 °C with increasing concentration. 

A next set of experiments was designed to 
examine the stability of the hydrated gel phase 
during incubation at 4 ° C in the presence of gang- 
liosides. As was shown in Figs. 2 and 3 the pure 
DMPE converts to the high-melting solid phase 
under these conditions. We chose an incubation 
time of 5 days, after which the pure PE host lipid 
shows 50% dehydration. A typical result is shown 
in Fig. 7. In the absence of ganglioside the phase 
transition curve shows the coexistence of the hy- 
drated and dehydrated phases in a clearly sep- 
arated two step image. The midpoints of the tran- 
sitions again are considered to be Try1 and Tmh, 
respectively. The step height is taken to be propor- 
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Fig. 7. Phase transition curves of initially hydrated mixed 
DMPE/GD1 a samples, which were incubated at 4 ° C. Samples 
were prepared at 60 °C  by vortexing with glass beads, slowly 
cooled to 4 °C and incubated at that temperature for 5 days. 
The lipid concentration was 4 mg/ml. The corresponding 
phase transition of pure DMPE is given as reference 
(O e). Ganglioside concentrations were: 1 mol% 
(© o); 5 mol% (D n) and 7 mol% (m I )  

with respect to total lipid. 
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Fig. 8. The fraction of PE in the dehydrated phase as de- 
termined from the 'two step' curves is given as function of 
ganglioside concentration. The extrapolations of the obtained 
straight lines yield the minimal amount of ganglioside neces- 
sary to inhibit the formation of the dehydrated phase. G-rib 
(0  O), GMI (X X), GM3 ([2] [71), GD1 a 

(O I),  DMPA (A A). 

tional to the amount of lipid in the appropriate 
phase. 

In the presence of GD1 a (and also of GMa, GTI b 

and phosphatidic acid) the step height of the 
transition assigned to the dehydrated phase de- 
creases with increasing ganglioside concentration 
and diminishes at 7 tool% in the case of GD~ a. It is 
important to note that the hydrated phase is not 
affected by Gb]a even at 7 mol%. 

Similar experiments performed with the other 
gangliosides and phosphatidic acid are docu- 
mented in Fig. 8. We used the step height ratio of 
the phase transition curves to determine the gan- 
glioside concentration which is necessary to stabi- 
lize the initial hydration state. The phase transi- 
tion of the dehydrated phase has vanished at 
concentrations of 7 mol% GDa~, GM3 or phos- 
phatidic acid, at 4 tool% GM] and already at 1.5 
mol% GT1 b. 

Discussion 

This EPR-spectroscopic study is aimed at the 
understanding of ganglioside-phospholipid inter- 
action. We have verified previous calorimetric data 
for pure DMPE and have shown for the first time 
that dehydration is a cooperative nucleation pro- 



cess. Our results clearly indicate, that gangliosides 
stabilize the fully hydrated state of DMPE mem- 
branes under dehydrating conditions and at con- 
centrations comparable to the physiological situa- 
tion. 

It is generally accepted that membrane phos- 
phohpids possess a hydration shell in which water 
molecules are organized at the polar head group 
region and form a water layer between adjacent 
lipid bilayers. Removal of this water-shell is known 
to have important consequences for the physical 
state of the lipids. Chapman et al. [29] demon- 
strated that the main phase transition temperature 
of phosphatidylcholine increases by about 30 °C 
when the lipid is dehydrated. More recently X-ray 
diffraction [3,4,16] and calorimetric data [9,11] 
exhibited an inverted relation between the grade 
of hydration and the lipid phase transition tem- 
perature. The interpretations of our phase transi- 
tion curves obtained by EPR spectroscopy are 
based on these calorimetric data, since spin labels 
do not provide direct evidence for a hydration or 
dehydration. In our hands dehydration starts in a 
cooperative way. This means that the first contact 
between approaching lipid bilayers is the activa- 
tion step. If the hydration shell is removed in this 
contact zone dehydration spreads over a long dis- 
tance. 

Further we have shown that oligosaccharide 
head group structures, which together with.glyco- 
proteins form the eucaryotic glycocalix, influence 
the structural properties of their phospholipid 
environment. 

With fully hydrated DMPE we obtained one 
highly cooperative gel to liquid-crystalline transi- 
tion at Tml=48°C (Fig. 1). Gangliosides GM1, 
GM3 and Gxl b had a minor effect on this transi- 
tion, indicating a complete protrusion of the head 
groups into the interspace water. We conclude 
that the interaction between the hydrated phos- 
pholipid and ganglioside head groups is negligible. 
Gang l i o s i de  GD1 a promoted a significant fluidisa- 
tion of the host lipid membrane, indicated by the 
decrease in the Tml values with increasing gang- 
lioside concentration (cf. Fig. 4). This effect is 
most likely caused by phospholipid-ganglioside 
head group interaction, leading to reduced hydro- 
gen bonding between the phosphatidylethanola- 
mine head groups and to an increased overall 

hydration. Such an effect was not observed in 
phosphatidylcholine membranes where all gan- 
gliosides induce an increase in phase transition 
temperature (Ollmann and Galla, unpublished re- 
suits). Therefore possible differences in fatty acid 
composition of the gangliosides are not expected 
to contribute to the observed differences in PE 
membranes. This may also be concluded from a 
recent study of Masserini and Freire [30] who 
showed that the thermotropic behaviour of phos- 
phatidylcholine vesicles containing ganglioside 
GM1 is independent of ganglioside chain length 
composition. 

Tsao et al. [31] performed a thermodynamic 
and phase characterization of PE-ganglioside G ola 
mixtures. They observed an increase in the lipid 
phase transition temperature with increasing 
ganglioside content. Moreover, the authors pos- 
tulate the formation of semi-fluid PE-GD1 a com- 
plexes in fluid PE-domains. Both results seem to 
be conflicting with our present and an earlier 
excimer fluorescence study [8]. However, Tsao et 
al. [31] used PE with unsaturated lipid chains 
which may behave different from our saturated 
dimyristoylphosphatidylethanolamine membranes. 

We propose that the headgroup of GD1 a ex- 

h ib i t s  a conformation where the sialic acid residues 
are directed to the membrane surface and disturb 
the hydrogen bonds between the ammonium group 
and the phosphate group of neighbouring PE 
molecules. This hydrogen bond network stabilizes 
the pure PE layer. The carboxylic groups of the 
sialic acids function as hydrogen bond acceptors 
and may therefore invade the surface region thus 
expanding the PE layer. Consequently the phase 
transition temperature will be reduced. The fact 
that this is only induced by the disialoganglioside 
but not by monosialo- or trisialogangliosides raises 
the possibility that only GDI a a s sumes  a confor- 
mation which allows the incorporation of the sialic 
acid residue into the PE-headgroup region. This is 
only possible if the oligosaccharide part of GD1 a is 
bent back to the membrane surface whereas with 
GM1 , GM3 or  GT1 b it protrudes out of the mem- 
brane into the aqueous space. The reduced co- 
operativity of the phase transition step is probably 
due to disordering in the membrane interior by 
the incorporated ceramide moiety of the ganglio- 
sides. 



The dehydrated high-melting solid phase of 
ethanolamines is characterized by tighter inter- 
chain packing, immobilization of the lipid head 
groups and a very short lamellar repeat distance, 
that suggests a virtual absence of water between 
the lipid lamellae [13,32]. Seddon et al. [6] found 
by X-ray diffraction that there is one water mole- 
cule per lipid bound in the high melting solid 
phase of the ether linked didodecylPE. The chain- 
melting temperature begins to increase when the 
water content falls below six water molecules/ 
lipid. 

We obtained the dehydrated solid phase by 
preparing the sample below Tin, at 15°C. This 
condition of preparation leads to a dense chain 
and head group packing and to an initially re- 
duced water space [10,13]. Additional incubation 
at low temperature (4 ° C) for at least 12 hours is 
not necessary for the formation, but for stabiliza- 
tion of the orthorhombic chain packing arrange- 
ment [9]. With these dehydrated samples we could 
clearly demonstrate that gangliosides with exposed 
carbohydrate structures are able to maintain a 
certain hydration state or to prevent a dehydra- 
tion of the DMPE matrix. 

GD1 a and Grl  b reduce the phase transition 
temperature Tr~ to the value Tm~ of the hydrated 
PE-phase. Presumably these two gangliosides act 
as a spacer between bilayer membranes and thus 
stabilize the hydrated PE-phase. Unfortunately we 
did not succeed in preparing and purifying vesicles 
with a GD1 a content exceeding 10 mol% because 
above that concentration mixed phospholipid/ 
ganglioside micelles are formed remaining in the 
supernatant of the centrifuged samples. Thus we 
were not able to check if higher GD1 a contents 
further decrease Tml as was observed in hydrated 
PE. 

With G M1 and phosphatidic acid in PE-mem- 
branes we observed a biphasic phase transition in 
a concentration range between 2 and 7 mol%. This 
must be interpreted as a tendency to phase sep- 
arate. A more hydrated phase possibly containing 
higher amounts of GM1 or phosphatidic acid 
coexists with a dehydrated phase. This is not 
surprising with phosphatidic acid which has a high 
tendency to phase separate even in fluid bilayer 
membranes [33]. However, it is surprising that 
GM1 undergoes a phase separation but not G~3 

that carries the same charge but has a smaller 
head group. In an earlier paper using pyrene 
labeled gangliosides we observed that PYGM3 has 
a stronger preference for a fluid phosphatidylcho- 
line membrane than PyGM1 [8]. We assume that 
GM3 may also have a preference for fluid PE-do- 
mains, i.e., for already hydrated regions. 

Finally, the experiments with hydrated pre- 
incubated samples, which were obtained by keep- 
ing the samples at 4 °C for 5 days, thus leading to 
a partial dehydration in pure PE-membranes, are 
worth discussing. Again gangliosides as well as 
DMPA prevent dehydration (Figs. 7 and 8). This 
is demonstrated by the stepwise disappearance of 
the high-melting phase. Most likely the dehy- 
drated phase forms in these initially hydrated 
samples by squeezing out the gangliosides from 
the dehydrated regions. This is indicated by the 
sharp high-temperature transition. At high con- 
centrations the probe molecules cannot be further 
separated and the sample remains in the fully 
hydrated state with homogeneous probe distribu- 
tion. 

Gangliosides may act differently in the process 
of stabilization of a hydrated phase and in rehy- 
dration of a dehydrated phase. These two processes 
seem to need different modes of structural re- 
organisation, namely by forming nucleation 
centers for dehydration and, on the other hand 
preventing the orthorhombic chain packing with 
reduced water space. GT~b was found to be most 
effective in the stabilization of the hydrated phase 
followed by GM1. GM3 , DMPA and GD1 a a re  less 
effective. These differences are most likely due to 
probe distribution and head group conformation. 

It was found by X-ray diffraction that the GM1 
head group extends at least 2.1 nm from the 
hydrocarbon/water interface [32]. The fixed 
charge is located away from the bilayer surface 
and therefore the surface potential is decreased 
compared to charged phospholipids. A headgroup 
structure like this obviously increases the water 
layer thickness of the otherwise densely packed 
DMPE. This explains the ability of GMI to stabi- 
lize the hydrated phase. The same effect is brought 
about by the space filling highly charged head 
group of GT1 b. 

The GD~a head group is believed to be inclined 
to the membrane surface, wrapping the phos- 
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pholipid head groups [35]. By this conformation 
one can imagine that there is no significant in- 
crease in lamellar repeat, i.e. increased water space, 
but a higher hydration in the headgroup region 
leading to less dense packing and decreased phase 
transition temperatures. The G M3 head group may 
be too small to act as a spacer and pure charge- 
charge repulsion comparable to the one induced 
by phosphatidic acid prevents dehydration only at 
high contents of the negatively charged lipid. 

We conclude that the GM1 and Ga-lb head 
groups protrude out into the water phase, thus 
acting as a hydrated spacer between adjacent PE- 
bilayer membranes. GT1 b which has the largest 
head group and in addition is most highly charged 
has the strongest potency to keep a membrane 
surface hydrated. 
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