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Abstract 

The interactions of sphingosine (SPH) with dipalmitoylphosphatidylcholine (DPPC) and dielaidoylphosphatidylethanolamine 
(DEPE) have been studied by means of differential scanning calorimetry (DSC) and alp-nuclear magnetic resonance (31P-NMR). 
Experiments were carried out with the fully protonated form of SPH, at pH 6.0. DSC studies showed that the main T c transition 
temperature of DPPC was perturbed by the presence of SPH so that T c of the mixture was higher than those of pure components 
at concentrations of SPH up to 50 mol%, with an azeotropic point at 30 tool% of SPH. At higher concentrations solid phase 
separations were observed from 70 to 95 mol% of SPH with an eutectic point at 90 mol% of SPH. 31p-NMR showed lamellar 
phases in DPPC/SPH mixtures, at all the range of concentrations. The behavior of DEPE/SPH mixtures was somewhat 
different since no azeotropic point was detected, the gel to liquid-crystalline transition being depressed by the presence of SPH, 
and an eutectic point was detected at 60 mol%. Solid phase immiscibilities were present between 50 mol% and 85 mol% of SPH. 
It is also remarkable that the liquid-crystalline to hexagonal H u phase transition of DEPE was only slightly shifted to lower 
temperatures at concentrations of SPH lower than 33 mol% of SPH but, this transition disappeared at concentrations of SPH 
higher than 33 tool% of SPH, so that isotropic phases were formed instead, as seen through 31p-NMR. The present results show 
the importance of taking into account the effects appearing in mixtures of SPH with zwitterionic phospholipids when considering 
their influence on the organization of biomembranes. 

Key words: Sphingosine; Phosphatidylcholine; Phosphatidylethanolamine; DSC; NMR, 31p_ 

1. Introduction 

While a number  of  studies have examined the ther- 
motropic behavior of binary mixtures of neutral and 
anionic phospholipids [1-4], few have examined the 
behavior of dispersions of phospholipids with cationic 
amphiphiles [5-10] and particularly sphingosine (SPH), 
an important biological mediator  that affects many 

Abbreviations: PC, phosphatidylcholine; PE, phosphatidyl- 
ethanolamine; SPH, sphingosine; DPPC, sn-l,2-dipalmitoylphospha- 
tidylcholine; DEPE, sn-l,2-dielaidoylphosphatidylethanolamine; AH, 
enthalpy change of the gel to liquid-crystalline phase transition; 
DSC, differential scanning calorimetry; NMR, nuclear magnetic res- 
onance; Mes, 2-(N-morpholino)ethanesulfonic acid; EDTA, eth- 
ylenediaminetetraacetic acid; ppm, parts per million; A~r, chemical 
shift anisotropy; T c, onset temperature of the gel to liquid-crystalline 
phase transition; TH, onset temperature of the bilayer to hexagonal 
H u phase transition (L,, ---* Hn). 

* Corresponding author. Fax: + 34 68 364147. 

0005-2736/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved 
SSDI 0005-2736(94)00145-F  

cellular functions [11,12]. SPH appears  to be involved 
in the inhibition of tissue factor [13], inhibition of 
insulin receptor tyrosine kinase [14], biphasic effects on 
diacylglycerol kinase [15], inhibition of phosphatidic 
acid phosphohydrolase [16,17], inhibition of CTP-phos- 
phocholine cytidyltransferase [18] and activation of 
phospholipase C [19,20]. Apar t  from that, SPH has 
been recognized as an inhibitor of protein kinase C [21] 
and this activity appears  to mediate  many biological 
effects of SPH [11,12]. Because of its ability to inhibit 
protein kinase C, SPH has been described as a cancer 
preventive agent [22]. It  is clear that SPH must be 
preferentially parti t ioned into the membrane  and de- 
spite its remarkable importance, in health and disease, 
very little is known about the behavior of SPH in 
membranes  and its interaction with other lipids. 

In this work we present  the detailed study of the 
interaction of SPH with dipalmitoylphosphadityl- 
choline (DPPC) and dielaidoylphosphatidylethanol- 
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amine (DEPE) in order to understand the mechanism 
of action of this bioactive molecule, which is localized 
in cell membranes. Differential scanning calorimetry 
(DSC) and 31p-nuclear magnetic resonance (31p-NMR) 
have been used, showing non-ideal mixing of the mix- 
tures in both cases. It should be remarked the forma- 
tion of an azeotropic mixture at approx. 30 mol% of 
SPH when mixed with DPPC and an eutectic point at 
approx. 90 mol% of SPH. On the other hand, the 
mixtures DEPE/SPH showed an eutectic point at ap- 
prox. 60 mol% of SPH and solid-solid phase separation 
at concentrations higher than 40 mol% of SPH. These 
results suggest that SPH exerts significant effects on 
the packing and the thermotropic behavior of zwitteri- 
onic phospholipids. 

2. M a t e r i a l s  a n d  m e t h o d s  

sn-l,2-Dipalmitoylphosphatidylcholine (DPPC) and 
sn- 1,2-dielaidoylphosphatidylethanolamine (DEPE) 
were purchased from Avanti Polar Lipids (Birming- 
ham, AL, USA). D-Sphingosine (SPH) (from bovine 

brain sphingomyelin) was from Sigma (Madrid, Spain). 
Water was twice distilled and deionized in a Milli-Q 
apparatus from Millipore. All other reagents were of 
analytical grade. The purity of DEPE, DPPC and SPH 
was checked by thin-layer chromatography before and 
after the measurements, specially those experiments 
done at high temperature, where they showed only one 
spot in all cases. 

2.1. Sample preparation 

DEPE or DPPC (4/xmol for DSC and 40/xmol for 
31p-NMR experiments) in chloroform/methanol (2:1, 
v/v) and the appropriate amount of SPH in chloro- 
form/methanol (2:1, v/v) were mixed and dried under 
a stream of O2-free dry N 2 and the last traces were 
removed under high vacuum overnight. The samples 
were dispersed for 30 min at 55°C, temperature above 
the gel to liquid-crystalline phase transition of the 
mixture, in 1 ml for DSC and 15 ml for 31p-NMR of 0.1 
mM EDTA, 50 mM Mes, 100 mM NaC1, pH 6.0 with 
occasional mixing in a vortex mixer until obtaining a 
homogeneous and uniform suspension. Subsequently, 
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Fig. 1. Heat ing DSC calorimetric curves for systems containing (A) D P P C / S P H  and (B) D E P E / S P H  at pH 6.0. Molar percentages are indicated 
on the curves. In part B the sign * marks the parts of the thermograms corresponding to the liquid-crystalline to hexagonal Hi t  phase transition 
of the mixtures D E P E / S P H  which were recorded at a sensitivity 4-fold greater than the thermograms corresponding to the gel to the 
liquid-crystalline phase transition. 
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the samples were centrifuged at 30 000 × g for 45 min 
in a Beckman LB-55M ultracentrifuge. The ratio of 
lipid to solvent was measured by weight before and 
after the preparation of the hydrated samples. In all 
cases water was found to be between 80 and 90% by 
weight, i.e, in a clear excess over what is needed for 
full hydration of the lipids. 

2.2. Differential scanning calorimetry 

Pellets for DSC were collected and placed into small 
aluminum pans, sealed and incubated for 48 h at 20°C 
before scanning in a Perkin-Elmer DSC-4 calorimeter 
using 10/zl of buffer as reference. The instrument was 
calibrated using indium as standard. The samples were 
scanned with a heating and cooling rate of 4°C/min at 
1 mcal/s and the first scan was used for display. The 
samples were scanned between 10°C and 80°C. 

After measurements, the pans were carefully opened 
and the samples were dissolved in chloroform/ 
methanol 1:1 (v/v). The amount of phospholipid origi- 
nally present was determined after subsequent perchlo- 
ric acid hydrolysis as described before [23]. 

The incorporation of SPH into liposomes was mea- 
sured by combining phosphorus assay [23] and the 
determination of the amine groups by the method of 
Benson and Hare [24]. The incorporation of SPH in 
the membranes was higher that 95% in all the samples 
used in this work. 

2.3. 31p-nuclear magnetic resonance 

The samples for NMR were recorded in the Fourier 
transform mode on a Varian Unity 300 spectrometer 
(121 MHz for phosphorus) and the temperature was 
controlled to + 0.5 C °. All chemical shift values are 
quoted in parts per million (ppm) from pure lysophos- 
phatidylcholine micelles (0 ppm), positive values refer- 
ring to low-field shifts. All spectra were obtained in the 
presence of a gated-broad band decoupling (5 W input 
power during acquisition time) and accumulated free 
memory of 8 K data points, 1.3 s interpulse time and a 
80 ° radio frequency pulse, were used. Prior to Fourier 
transformation an exponential multiplication was ap- 
plied resulting in a 100 Hz line broadening. The resid- 
ual chemical shift anisotropy, Atr, was measured from 
the spectrum directly as the difference between the 
high- and low-field shoulders (the error of the mea- 
surement by this method was + 3 ppm). 

3. Results 

3.1. Differential scanning calorimetry experiments 

The effect of SPH, a molecule of biological impor- 
tance, on the phase behavior of DPPC and DEPE, has 

been investigated by means of DSC and 31p-NMR. We 
first describe the effect of SPH on the thermotropic 
phase transitions of the two phospholipids. Fig. 1A 
shows the effect of the incorporation of different 
amounts of SPH on the gel to liquid-crystalline phase 
transition of DPPC at pH 6.0, i.e., when SPH is fully 
protonated. We have selected this pH value to be sure 
about the full protonation of SPH, since the apparent 
pK of SPH is 9.1 in phospholipid mixtures [10], and 
pK a values of 6.7 and 7.7 have been described in 
Triton micelles [25,26]. For the pure phospholipid, the 
gel to liquid-crystalline (Pt~' ~ L~) phase transition 
was detected at 41°C (T¢) and a pretransition (L~ --* 
Pt3') at 36°C, in good agreement with other reported 
values [27,28]. When SPH was added to DPPC the 
main T~ phase transition temperature of the phospho- 
lipid increased from 41°C in pure DPPC to approx. 
45°C at a concentration of 30 mol% of SPH. At this 
SPH concentration a single sharp and narrow peak was 
found. This peak corresponds to an azeotropic mixture 
of DPPC and SPH, as it has been deduced from the 
phase diagram (see below). The temperature of the 
pretransition of DPPC was also affected by the pres- 
ence of SPH as it can be observed in Fig. 1A. It 
increased as the amount of SPH increased, until disap- 
pearing at concentrations of SPH greater than 20 mol%. 
Concentrations higher than 30 mol% of SPH caused 
the broadening of the main transition peak and the 
decrease of its T c, indicating non-ideal mixing, i.e., 
phase separation between DPPC and SPH. At concen- 
trations of 70 mol% of SPH or higher, two different 
peaks were clearly discerned, one of them sharp at 
31°C and the other one broad and weak, which pro- 
gressively disappeared as the SPH concentration in- 
creased (Fig. 1A). Moreover, the sharp one, occurring 
at approx. 31°C, could be assigned to pure SPH, be- 
cause it did not change as the SPH concentration 
increased showing a T c identical to that of pure SPH. 

The total enthalpy of the gel to liquid-crystalline 
transition of the different mixtures of DPPC and SPH 
is plotted in Fig. 2. The enthalpic values decreased 
progressively as SPH increased until approx, a concen- 
tration of 60 mol% of SPH in DPPC, approaching the 
value found for pure SPH. The concentration of 60 
mol% of SPH in DPPC defines the boundary where 
one or two peaks are observed in the thermograms (see 
Fig. 1A). AH values of mixtures containing higher 
amounts of SPH, up to pure SPH, remained constant. 

Aqueous dispersion of DEPE can undergo a gel to 
liquid-crystalline (L~ ~ L~) phase transition at 37.1°C 
and in addition, a lamellar to hexagonal HII (L~ 
HII) phase transition at 62.4°C (T H) [29-32] as it is 
shown in the thermograms of pure DEPE (Fig. 1B, 
upper part). The transition enthalpy of the hexagonal 
H n transition is much lower than the L~ ~ L~ transi- 
tion due to the fluid character of both the lamellar and 
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Fig. 2. Dependence of the enthalpy of the main gel to liquid-crystal- 
line phase transition of mixtures of DPPC/SPH (e) and DEPE/SPH 
(o). 

the hexagonal phases [33]. The effect of the incorpora- 
tion of SPH in the DEPE phase transitions is shown in 
Fig. lB. The phase transition temperatures decreased 
gradually as the concentration of SPH was increased, 
up to a concentration of 30 mol% of SPH, for which a 
T c of 34.4°C was found. At the same time a broadening 
of the L~ ~ L ,  was observed, which is more evident 
at higher percentages of SPH. On the other hand, the 
L~ ---> HII phase was observed at SPH concentrations 
of 30 mol% and lower, being absent at greater concen- 
trations, whereas T n slightly decreased as the amount 
of SPH was increased. Between 50 mol% and 85 mol% 
of SPH broad transitions were observed, where it was 
possible to distinguish at least two different compo- 
nents. The transition temperatures of these two peaks 
were lower than the pure components, indicating the 
formation of non-ideal mixtures. At 90 mol% a peak 
and a shoulder were observed, at temperatures very 
close to that found for the transition of pure SPH. 

The AH values of the different samples of DEPE 
and SPH are shown in Fig. 2. The behavior was similar 
to that of the mixtures of DPPC and SPH. It can be 
seen that AH decreased until a value of 4.4 kcal/mol 
at 40 mol% of SPH and remained constant until pure 
SPH (AH 4.9 kcal/mol). Again, and as it was found 
before for DPPC, at 40 mol% of SPH in DEPE the 
peak became broad where it was possible to distinguish 
at least two different components in the thermograms 
(Fig. 1B). 

3.2. 31p-nuclear magnetic resonance experiments 

Dispersions of phospholipids can adopt several 
structures apart from the bilayer one, including micel- 
lar, hexagonal and cubic phases [34]. The ability of 
phospholipids to adopt these different structures is 
known as lipid polymorphism. These non-bilayer struc- 

tures can greatly affect the functional behavior of the 
membrane [35]. Since lipid polymorphism has such a 
potential biological importance, we have studied the 
capacity of SPH to modulate the lipid polymorphism of 
both phosphatidylcholine (PC) and phosphatidyletha- 
nolamine (PE). In this way, the effect of SPH on the 
thermotropic phase behavior of DPPC and DEPE was 
also investigated by 31p-NMR. Membrane phospho- 
lipids, when organized in bilayer structures, give rise to 
a characteristic asymmetrical 31p-NMR line-shape with 
a high-field peak and a low-field shoulder presenting a 
residual chemical shift anisotropy (Air) of approx. 64 
ppm in the gel state and approx. 45 ppm in the fluid 
state due to a increased 1H-31p dipolar interactions 
[36-38]. In the hexagonal H n phase, due to rapid 
lateral diffusion of the phospholipids around the tubes 
of which this phase is composed, the chemical shift 
anisotropy is averaged resulting in a shape with reverse 
asymmetry when compared to the bilayer line-shape, 
i.e., a high-field shoulder and a low-field peak, and an 
approx. 2-fold reduction in the absolute value of Air 
[29,39]. 

The origin of an isotropic peak in the 31p-NMR 
spectra is not known with certainty since it may corre- 
spond to the formation of small vesicles, regions of the 
bilayer surface with a relative high curvature or it could 
be also originated by a separate phase, either cubic or 
an isotropic melt. Furthermore, 31p-NMR results are 
to be considered with caution, since 3~p-NMR line- 
shape does not unambiguously sense phospholipid 
phase structure because changes in headgroup confor- 
mation can, at least theoretically, affect the spectral 
shape in a manner consistent with a phase change [40]. 

The 31p-NMR spectra of pure DPPC showed an 
asymmetrical line-shape with a high-field peak and a 
low-field shoulder in the range of temperatures stud- 
ied, indicating that DPPC was in a lamellar phase (Fig. 
3A). At 30°C and 40°C it could be observed that the 
line-shape was broader (Ao- was 63 ppm) than at 
higher temperatures, i.e., DPPC was in the gel state, 
whereas above 40°C DPPC was in the fluid state (Air 
of 50 ppm), in accordance with the DSC results. The 
3~p-NMR spectra of samples of DPPC containing 5 
mol%, 10 mol% (not shown for briefness) and 33 
mol% of SPH did not change significantly in the pres- 
ence of SPH comparing with pure DPPC (Fig. 3B), 
indicating the presence of lamellar phases in the range 
of concentrations and temperatures studied. The zatr 
values increased at increasing SPH concentrations for 
the same temperature. There was an increase of ap- 
prox. 12 ppm at 30°C and approx. 6 ppm at 55°C in 
Atr, comparing the samples of pure DPPC and the 
sample containing 33 mol% of SPH. This data would 
indicate the possible existence of a reorientation 
and/or  a change in mobility of the headgroup of the 
phospholipid in the presence of SPH. 
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Fig. 3. 31p-NMR spectra of (A) pure DPPC and containing (B) 33 
mol% of SPH at the different temperatures as indicated. The spectra 
have been normalized in height. 

The 3~p-NMR spectra of pure DEPE and contain- 
ing different amounts of SPH are shown in Fig. 4. The 
31p-NMR of pure DEPE is shown in Fig. 4A. At 20°C 
and 35°C pure DEPE presented a characteristic asym- 
metrical line-shape with a high-field peak and a low- 
field shoulder corresponding to the gel phase (A(r of 
64 ppm). At 45°C and 60°C the line-shape was nar- 
rower (Air of 44 ppm) indicating that at this tempera- 
ture DEPE is in a fluid state, in accordance with the 
DSC results shown above. However, at 63°C and 75°C 
D E PE presented an asymmetrical line-shape with a 
high-field shoulder and a low-field peak that indicated 
that, at these temperatures, DEPE was in the hexago- 
nal phase HII (Ao- of 23 ppm). In the presence of 5 

mol% of SPH and at 60°C, in contrast to what was 
found for pure DEPE,  the line-shape of the 3tp-NMR 
spectrum corresponded mainly to a hexagonal H H 
phase with a minor lamellar component (Fig. 4B), 
whereas at lower temperatures the mixture showed a 
characteristic lamellar phase. These data indicate that 
SPH induced a slight decrease of the L~ ~ H H, in 
good agreement with the results reported by DSC. 
Between 5 mol% and 20 mol% of SPH (Figs. 4B, C 
and D, respectively), all the samples showed a similar 
behavior, i.e., hexagonal phases were observed at 60°C 
and lamellar phases at lower temperatures. However, 
at 20 mol%, and 50 mol% of SPH the spectra was 
characterized by a narrow and sharp peak centred at 0 
ppm, i.e., the presence of isotropic phases (Figs. 4D 
and E). In the sample containing 50 mol% of SPH it 
was clear that a direct transition from a lamellar to an 
isotropic phase took place between 45°C and 60°C (Fig. 
4E). As it was observed for the samples containing 
D P P C / S P H ,  mixtures of D E P E / S P H  presented an 
increase in A(r of approx. 9 ppm at 20°C and at 45°C if 
we compare the samples containing pure DEPE and 50 
mol% of SPH, indicating as before the possible exis- 
tence of a reorientation a n d / o r  a change in mobility of 
the headgroup of the phospholipid in the presence of 
SPH, 

3.3. Phase diagrams 

Phase diagrams have been constructed on the basis 
of DSC and 3tp-NMR results. DSC onset temperatures 
for the gel to liquid-crystalline transition have been 
used as the primary data. Heating and cooling DSC 
scans were used to produce the solidus and fluidus 
lines, respectively, as described before [41]. 
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31 Fig. 4. P-NMR spectra of (A) pure DEPE and containing (B) 5 mol% of SPH, (C) 10 mol% of SPH, (D) 20 mol% of SPH and (E) 50 mol% of 
SPH at the different temperatures as indicated. The spectra have been normalized in height. 
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The phase diagram corresponding to mixtures of 
DPPC with SPH is shown in Fig. 5A. It can be seen 
that increasing amounts of SPH in DPPC increased T c 
reaching a maximum at approx. 44°C at a concentra- 
tion of 30 mol% of SPH. This fact together with the 
shape of the peak observed, i.e., a single and sharp 
peaks, allow us to affirm that this composition corre- 
sponds to an azeotropic mixture. 31p-NMR data shows 
that at SPH concentrations up to 33 mol% of SPH all 
these mixtures were lamellar. At higher concentrations 
of SPH a solid-solid phase separation occurred, begin- 
ning at 70 mol% of SPH with the presence of an 
eutectic point at approx. 90 mol% of SPH. 

The phase diagram corresponding to mixtures of 
DEPE with SPH is shown in Fig. 5B. This phase 
diagram is different from that presented in Fig. 5A for 
the DPPC/SPH system. It can be observed here, that a 
good miscibility takes place up to approx. 10 mol% of 
SPH and no azeotropic point can be observed. At 
concentrations higher than 40 mol% of SPH a solid- 
solid phase separation took place being clear the for- 
mation of solid solutions, S1 and $2, and an eutectic 
point at 60 mol% of SPH. 

4. D i s c u s s i o n  

We have studied the interaction of a positively- 
charged single-chain molecule, SPH, with DPPC and 
DEPE by DSC and 31p-NMR. SPH has only one 
hydrocarbon chain compared to the common phospho- 
lipid present in biomembranes which have two hydro- 
carbon chains. 

From the phase diagram of DPPC/SPH it can be 
seen that the system shows an increase in T c up to 30 
mol% of SPH, where the phase transition becomes 
very cooperative (T c occurs at several degrees above of 

the melting temperatures of the pure components). 
This peculiar behavior has been described as reflecting 
the formation of a maximum azeotropic point in the 
binary phase diagram of the mixture, which could 
appears as a consequence of strong and rather specific 
non-idealities in the lateral mixing of the two compo- 
nents [41,42]. It is remarkable that the elevation of the 
main transition temperature for mixtures of DPPC 
with SPH is not accompanied by a substantial increase 
in the transition enthalpy. Using the regular solution 
theory, which assumes that non-idealities in mixing are 
attributable entirely to enthalpic effects, we can calcu- 
late the transition enthalpies for the azeotropic mix- 
ture according to Eq. (1) [43]: 

Ant~ta I =x~ax(An~[(Tmax/T2) - 1] 

+(1 - s ~ a x ) ( A n ~ [ ( T m a x / T ~ )  - 1] (1) 

w h e r e  X ~  "ax is t h e  m o l a r  f r ac t i on  o f  t he  c o m p o n e n t  A 

(DPPC, in our case) in the azeotropic mixture, and 
Tma x the transition temperature of the azeotropic mix- 
ture. AH~,, AH~, T~, and T~, are the enthalpies and 
the transition temperatures of the pure components. 
So that AH of the azeotropic mixture should exceed 
the AH of pure DPPC in approx. 120 cal/mol. Smaller 
increase of the transition enthalpy may be expected for 
these mixtures if the components also exhibit nonzero 
excess entropies of mixing. 

A possible explanation for the behavior of this sys- 
tem is that, as previously described [44], the introduc- 
tion of increasing amounts of cationic amphiphiles into 
PC bilayers may produce a reorientation of the PC 
headgroup, increasing progressively the average angle 
of the P-to-N axis with respect to the bilayer plane. 
This possibility is supported by the NMR results as 
commented above. This reorientation could decrease 
the effective cross-sectional area of the PC headgroup 
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by modifying steric a n d / o r  electrostatic interaction 
between headgroups [45,46]. In this way tighter inter- 
molecular packing in mixed D P P C / S P H  bilayer than 
in pure DPPC would be allowed, and therefore, a 
higher tempera ture  of melting should be expected. 
Similarly, the transition tempera ture  of DPPC could be 
also higher than that of pure SPH since the interaction 
with DPPC molecules will dilute its positive charges 
and therefore will diminish the repulsion effects. 

The D E P E / S P H  system shows, similarly to the 
D P P C / S P H  system, a non-ideal mixing but it does not 
show an azeotropic point. It is possible then that SPH 
causes a smaller reorientation of PE headgroup than 
the PC headgroup, but it is more plausible that the 
DEPE headgroup is already small enough, even in its 
normal orientation, so that a shift in its orientation 
induced by cationic amphiphiles such as SPH would 
have comparatively small effects on intramolecular 
packing. This is further supported by the N M R  results 
since the increase in Atr is lower in this samples than 
in the samples containing DPPC and SPH. This possi- 
bility is quite reasonable given that saturated PE oc- 
cupy significantly smaller molecular areas in gel state 
bilayers than saturated PC [47-52]. 

On the other hand, the effect of high concentrations 
of monovalent ions on PE has been described to be an 
increase in the gel to fluid phase transition [53-55]. 
The electrostatic effect is not as important here, as it 
was found to be for mixtures of SPH with phos- 
phatidylserine where an increase in the transition tem- 
perature  was observed [10]. On the contrary, the pres- 
ence of a compound with a lower T c temperature  
induced a decrease in T c of the mixture, probably by 
altering the hydrophobic interactions between the acyl 
chains of the phospholipid. 

Low concentrations of SPH did not induce an ap- 
preciable shift of the lamellar to H n hexagonal phase 
transition but high concentrations produced the ap- 
pearance of isotropic phases as detected by 31p-NMR 
(Fig. 4). At concentrations of SPH higher than 50 
mol% a direct transition from L ,  to an isotropic phase 
was observed. The mixture dimyristoylphosphatidyl- 
choline/myrist ic  acid (1:2, m o l / m o l )  also may undergo 
a direct transition from gel lamellar to an isotropic 
phase, which has been characterized as a cubic phase 
[56]. This illustrates that even the H u phase can be 
destabilized when the concentration of a molecule such 
as SPH is high enough. Nevertheless we cannot distin- 
guish from our 3~p-NMR experiments whether micel- 
lar, cubic or other isotropic phases were present in 
these experiments. 

The concentration of SPH at which effects on tran- 
sition temperatures  or bilayer stability are seen is higher 
than that found in natural membranes  [12]. However, 
several of the studies to date on the effects of SPH on 
various enzymes use model vesicle or micelle systems 

as a vehicle for SPH [26] and it would be possible that 
the effects on the enzymes attributed to SPH could 
involve also alterations in lipid packing due to SPH. 
Apart  from that, SPH concentration in vivo may be 
higher than expected in certain membrane  domains, 
depending on membrane  heterogeneity, SPH forma- 
tion and lifetime, etc. The results presented here sug- 
gest that the incorporation of charged molecules into a 
membrane  containing zwitterionic phospholipids can 
alter the thermotropic phase behavior of these lipids. 
These effects should be taken into account when con- 
sidering the biological effects of cationic amphiphiles 
such as SPH. 
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