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The interaction of all.trans.retinoic acid and all-trans-retinol with dielaidoylphosphatidylethanolamine has been studied by 
differential scanning calorimetry and "~ P-NMR spectroscopy. Increasing ,,~mcentrations of all-trans,retinoic acid up to a tool 
fraction of 0.09 were found to induce shifts to lower temoeratures of both the Llj to L,  and L,  to hexagonal-H, phase 
transitions, with a slight decrease in the enthalpy change of the transitions. At higher concentrations no further effects on the 
transitions were observed, and this is interpreted as indicative of a limited miscibility of retinoic acid with the phospholipid. 
• ~tP-NMR spectroscopy confirmed that the L., to hexagonai-H u phase transition was shifted 1o lower temperatures in the 
presence of retinoic acid. On the other hand increasing concentrations of all-trans-retinol up to a tool fraction of 0.166, induced a 
progressive shift of the L# to L,, and the L,, to hexagonal-H u phase transitions to lower temperatures. At higher concentrations 
the main gel to liquid-crystalline phase transition was further displaced to lower temperatures and the lamellar to hexagonaI-H n 
phase transition w-~s not observed in the thermograms. 31P-NMR spectroscopy indicated that retinol was able of inducing the 
phosphoiipid to adopt the hexagonal-H u phase at temperatures even below the main gel to liquid-crystalline phase transition 
temperature of the pure phospholipid. 

Introduction 

Retinoids (vitamin A and its derivatives) are essen- 
tial compounds for the maintainance of health. The 
term retinoids comprises a number of naturally occur- 
ring compounds such as retinol, retinal and retinoic 
acid, as well as a large list of synthetic analogs with or 
without biological activity. Their structure is very simi- 
lar and it only differs at the polar end (Fig. 1), how- 
ever, their physiological functions Are markedly differ- 
ent. All-trans-retinol, apart from being a metabolic 
precursor of l l-c/s-retinal, involved in the mechanism 
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of vision in animals, is essential for reoroduction while, 
retinoic acid is active in the promotion of growth [1,2]. 
All of them are highly hydrophobic compounds which 
preferentially partition into non-polar phases. Because 
of its amphiphylic nature (Fig. l) they may display a 
detergent-like effect. Retino! and retinoJc acid have 
been shown to disrupt the membranes of erythrocytes 
and lysosomes [3]. This fact, together with its marked 
hydrophobicity points to biological membranes as one 
of their physiological sites of action. 

Protein kinase C activity is also modulated by 
retinoids [4,5]. Since retinoids do not compete for the 
phorbol ester-binding site [4], it is possible that they 
associate with the plasma membrane lipids affecting 
the activity of protein kinase C associated to the mem- 
brane. 

Several studies have correlated the membrane ef- 
fects of retinoids and their biological activity. Further- 
more, the ability of retinoids to fluidize membranes has 
been correlated with their toxic effects [6,7]. 

Some biophysical studies have dealed with the inter- 
action of retinoids and model membranes. The effect 
on the phase transition temperature of DMPC and 
DPPC has been studied by following changes in water 
permeability and iiposome size [8]. EPR studies on the 
interaction of retinoids arid DPPC bilayers have re- 



ported a retinoid-induced restriction of the lipid side- 
chain motions in the lower portion of the chain [9]. 
NMR data indicated a large perturbation of the lipid 
bilayer structure induced by retinol and retinoic acid, 
as well as the presence of lateral phase separations 
[1~)]. The interaction of retinol and retinoic acid with 
DPPC and DPPE membranes has been also investi- 
gated by means of DSC [11]. 

It is widely known that dispersions of individual or 
mixtures of phospholipids of biological origin or syn- 
thetic ones can adopt several structures, including the 
micellar phase, the familiar bilayer phase, the hexago- 
naI-H n phase and lipidic particles [12]. The ability of 
lipids to adopt these different liquid-crystalline struc- 
tures is known as 'lipid polymorphism'. These non-bi- 
layer structures can greatly affect the functional be- 
haviour of the membrane [13]. They might be interme- 
diates in vesicle fusion, they appear to be involved in 
lipid flip-flop, and they might act as carriers for polar 
compounds. Since lipid polymorphism has such a po- 
tential biological importance, it is interesting to check 
whether retinoids, which are very important membrane 
components, are able to modulate the lipid polymor- 
phism of phosphatidylethanolamine. 

In this paper we present a detailed study on the 
interaction of all-trans-retinol and all-trans-retinoic acid 
with DEPE bilayers by means of differential scanning 
calorimetry and 3~p-NMR. Calorimetric data are ana- 
lyzed by constructing partial phase diagrams. We find 
that both retinol and retinoic acid promote hexagonal- 
Hn phase formation in DEPE systems. The modula- 
tion of DEPE lipid polymorphic behaviour by these 
compounds is discussed. 

Materials and Me~hods 

DEPE was from Avanti Polar Lipids, Birmingham, 
AL. All-trans-retinol was obtained from Fluka and 
all-trans.retinoic acid was from Eastman-Kodak. All 
the other reagents were of the highest purity available. 
Water was twice.distilled in an all-glass apparatus and 
deionized in a Milli-Q system from Miilipore. Retinoids 
were always handled in the dark and under inert 
atmosphere to prevent light-induced decomposition and 
peroxidation. Occasionally samples were analyzed by 
thin-layer chromatography to monitor stabilky and it 
was found that there was no appreciable alteration as a 
consequence ~'  the experiment. 

The iigJd mixtures for calorimetry measurements 
were prepared by combination of chloroform solutions 
containing 5/zmoi of the phospholipid and the appro- 
priate amount of retinoid when indicated. The organic 
soivept was evaporated under a stream of dry N 2, free 
of 0 2, at a temperature above the gel to liquid-crystal- 
line trznsition temperature of the phospholipid ~.nd the 
last traces of solvent ~eJe ~moved by a further 1-2 h 
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evaporation under high vacuum. After the addition of 
1 ml of 0.1 mM EDTA, 100 mM NaCI, 10 mM Hepes, 
pH 7.4 buffer, multilamellar liposomes were formed by 
mixing, using a bench-vibrator, always keeping the 
samples at a temperature above the highest gel to 
liquid-crystalline phase transition temperature of the 
mixture. Mixing was continued until a homogeneous 
and uniform suspension was obtained. The suspensions 
were centrifuged at ~0000 rpm in a bench microfuge 
and the pellets were collected and placed into small 
aluminium pans. Pans were sealed and scanned in a 
Perkin-Eimer DSC-4 calorimeter, using a reference 
pan containing buffer. The heating and cooling rates 
were 4 C*/min in all the experiments. The DSC instru- 
ment was set at a sensitivity of l mcal/s. Peak areas 
were measured by weighing paper cut-outs of the peaks. 
For the determination of the total phospholipid con- 
tained in a pan, this was careful!y opened, the lipid was 
dissolved with chloroform/methanol (1:1, v/v) and 
the phosphorus contents were determined using the 
method of B0ttcher [14]. The instrument was cali- 
brated using indium as standard. 

Phase diagrams were constructed as previous-!:: de- 
scribed [15]. The main transition region was define6 ~.y 
the onset temperatures on heating and cooling experi- 
ments. 

The samples for 3~ P-NMR were prepared by combi- 
nation of chloroform solutions containing 50 mg of 
DEPE and the appropriate amount of retinoid, evapo- 
ration of the solvent and formation of multilamellar 
vesicles by shaking in the same buffer described above 
for the calorimetry samples. The samples were left for 
30 rain at 50°C with occasional vortexing to completely 
hydrate the phospholipid. The suspensions were cen- 
trituged at 10000 rpm in a bench microfuge and pellets 
were placed into conventional 5 mm NMR tubes and 
~P-NMR spectra were obtained in the Fourier Trans- 
form mode in a Varian Unity 300 spectromate. Tem- 
perature was controlled to + 1 C ° with a Standard 
Varian variable temperature control unit. All chemical 
shifts values are quoted in parts per million (ppm) with 
reference to pure lysophosphatidylcholine micelles (0 
ppm), positive values referring to low-field shifts. All 
spectra were obtained in the presence of a gated-broad 
band decoupling (4.5 W input power during acquisition 
time) and accumulated free induetives decays were 
obtained from up to 600 scans. A spectral width of 
25000 Hz, a memory of 8K data points, a 1.3 s inter- 
pulse time and a 80 ° radio frequency pulse were used. 
Prior to Fourier transformation, an exponential multi- 
plication was applied resulting in a 100 Hz line broad- 
ening. The relative amount of cac~ pha~e component 
was determined by directly measuring the part of the 
total integral corresponding to the area of each signal. 

In order to cheek the incorparation of retinoids into 
the membranes, vesicles were pelleted down and the 
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amount of retinoid present in the supernatant was 
measured. Retinoids were quantitatively extracted us- 
ing n-pentane and their concentrations were deter- 
mined by employing e3~ = 52480 M -  ~ cm- ! for rctinol 
and e350 = 45400 M-~cm -m for retinoic acid. It was 
found that more than 99.5% of the added retinoid was 
incorporated into the membrane for all the samples. 

Results 

The effect of two retinoids of great biological impor- 
tance, namely retinoic acid and retinoi (Fig. 1), on the 
phase behaviour of DEPE was investigated by means 
of DSC and a~ P-NMR. We first studied the effect of 
these retinoids on the thermotropic phase transitions 
of DEPE. Fig. 2 shows the calorimetric profiles ob- 
tained for pure DEPE and mixtures of DEPE with 
retinoic acid. Aqueous dispersions of DEPE can un- 
dergo a gel to liquid-crystalline phase transition in the 
lan~ellar phase and, in addition, a lamellar liquid-crys- 
talline to hexagonaI-H u transition [16]. The gel to 
liquid-crystalline phase transition occurs around 37 4. 
0.5°C and the bilayer to hexagonal transition occurs 
around 65 + I°C, in agreement with previous data [16]; 
the latter transition has a much smallc~ t~'al~sition 
enthalpy due to the fluid character of both the lamellar 
and the hexagonaI-H n phases [17]. Increasing concen- 
trations of retinoic acid in DEPE produce a shift of the 
main gel to liquid-crystalline phase transition tempera- 
ture, T c, to lower values, reaching a value of 34°C at a 
retinoic acid moi fraction of (},(}9. When the concentra- 
tion of retinoic acid is increased above this value (up to 
a retinoic acid tool fraction of 0.5), the T c is not further 
affected, remaining unchanged and close to 34°C. 
Highly cooperative thermograms are obtained even for 
the highest retinoic acid concentration (tool fraction 
0.5) and no phase separation is observed. The effect of 
rctinoic acid on the bilayer to hexagonal-H u phase 
transition temperature, T h, is similar. As the concen- 
tration of retinoic acid is increased a shift of T, to 
lower values is observed, reaching a temperature of 
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Ng, !, The chemical structure of ail-tran~-retinol (a) and all-tran~- 
retinoic acid (b). 

0 

 J/lll  o.o3 

~ , , J ~ ' ~ O . 0 9  

o.,6e 
- o.a 8 s  

I I I I I I _  
20 30 t.O 50 60 70 

T E M P E R A T U R E  ( 'C)  

Fig. 2. DSC thermograms for mixtures DEPE/retinoic acid. Tile 
concentration of retinoic acid in the membrane (mol fraction) is 

expressed on the curves. The profiles correspond to heating scans. 

49.2°C at a mol fraction of 0.09. Similarly to the effect 
on T c, increasing the concentration of retinoic acid up 
to a mol fraction of ().5 does not further change T h. 

The effect of the incorporation of retinoic acid on 
the enthalpy change of the thermotropic phase transi- 
tions of DEPE is shown in Fig. 4b. For pure DEPE the 
enthalpies for both transitions were estimated to be 
8.3 4-0.6 kcal/mol for the gel to liquid crystalline 
phase transition and 0.7 + 0.1 kcai/mol for the bilayer 
to hexagonaI-H n phase transition, in agreement with 
previous data [16,18]. Increasing the retinoic acid con 
centratio~l up to a mol fraction of 0.09 produces a 
progressive decrease of A H  c down to a value of 6.7 
~cai/moi, which remains unchanged upon a further 
increase in retinoic acid concentration. There is no 
significant effect of retinoic acid on A H  h of DEPE 
(Fig. 4b). 

Fig. 3 shows DSC thermograms obtained for pure 
DEPE and mixtures with retinol. The presence of 
retinoi in DEPE gives rise to a progressive shift =f T, 
to lower temperatures reaching a value of 18.8°C at a 
retinol tool fraction of 0.5, ~hich is accompanied by a 



concomitant broadening of the peaks. Again no phase 
separation is observed. As shown in Fig. 4a, A H¢ is 
progressively decreased as the concentration of retinol 
is increased, reaching a value of 6.6 kcal/moi for a 
retinol mol fraction of 0.5. 

The effect of retinoi incorporation on the bilayer to 
hexagonal-H n transition is more pronounced. Incorpo- 
ration of increasing amounts of retinol results in a 
decrease of T h, concomitant with a broadening of the 
peaks (Fig. 3). The effect of retinol on zl H h (Fig. 4a) is 
such that at a retinol mol fraction of 0.285 the bilayer 
to hexagonal-H n phase transition is not observed any- 
more. It is interpreted that upon incorporation of 
retinol, part of the DEPE molecules give rise to a 
broad bilayer to hexagonaI-H n phase transition which 
is shifted to lower temperatures and which, due to its 
width and low energy content, cannot be detected in 
the thermograms, the remainder of the DEPE 
molecules showing a less perturbed transition. Upon 
increasing the retinol content the fraction of these 
molecules decreases and so decreases the enthalpy of 
the detectable transition, such that eventually only a 
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vet3' broad bilayer to hexagonal-H n pha~,t: Iransitk, n is 
present which already starts below the gel to liquid- 
crystalline phase transition, as it is shown below by 
31p.NMR. 

The effect of retinoic acid and. retinol on the ther- 
motropic phase transitions of DEPE was further inves- 
tigated by means of 31P-NMR. DEPE when organized 
in bilayer structures gives rise to an asymmetrical 31 p. 
NMR line-shape, with a high-field peak and a low-field 
shoulder [19] (measured as 3-times the chemical shift 
difference between the high-field peak and the posi- 
tion of isotropically-moving lipid molecules) of approx. 
40 ppn,, in agreement with previous data [19,20], char- 
acteristic of an axially symmetrical shift tensor (Fig. 
5A). As shown in Fig. 5A in the gel state (at 20"C), the 
line-shape is broadened, possibly due to increased 
(i H-~I p) dipolar interactions [21]. In the hexagonaI-H u 
phase (Fig. 5A, 70°C), due to rapid lateral diffusion of 
the phospholipid around the tubes of which this phase 
is composed, the chemical shift anisotropy is further 
averaged, resulting in a line-shape with a reversed 
asymmetry, i.e., a higi,,-field shoulder and a low-field 
peak, with a two-fold reduction in absolute value of Air 
[12,22]. Incorporation. of retinoic acid into DEPE re- 
sults in the appearance of the characteristic spectrum 
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corresponding to the hexagonal-H n phase at tempera- 
tures lower than those obtained for the pure phospho- 
lipid (Figs. 5B and C). It is clearly shown that at 60°C 
for a retinoic acid mol fraction of 0.047 (Fig. 5B) and at 
50°C for a mol fraction of 0.285 (Fig. 5C), a hexagonal- 
H n phase is present, whereas the pure phospholipid is 
still organized in extended bilayer structures (Fig. 5A). 

Low concentrations of retinol (moi fraction 0.047, 
Fig. 5D) give rise to the appearance of a spectral 
component with resonance position at 0 ppm, at tem- 
peratures of 30°C and above, indicating that the spec- 
trum originated from DEPE is partially replaced by a 
spectrum characteristic of phospholipid molecules un- 
dergoing a rapid motion that leads to a nearly com- 
plete averaging of thc chemical shift anisotropy. Incor- 
poration of retinol at a tool fraction of 0.285 (Fig. 5E) 
results in the appearance of the isotropic signal already 
at 20°C. Interestingly, the spectrum corresponding to 
the hexagonai-H u phase is also present at 20°C, i.e., at 
this temperature the spectrum has three components: 

lamellar gel, hexagonal-H n and isotropic. Increasing 
the temperature produces a progressive enhancement 
of the hexagonal component at the expense of the 
lamellar component and then from the isotropic one. 
The presence of the characteristic line-shape of a 
hexagonaI-H n phase in the spectra at temperatures of 
20°C and 30°C supports the suggestion made above 
that in the presence of retinol, formation of the hexag- 
onal-H n phase already starts at temperatures even 
below that of the gel to liquid crystalline phase transi- 
tion of DEPE. The 3np-NMR spectra shown in this 
paper were highly reproducible between different sam- 
ples, which makes improbable that the isotropic signal 
which appears in the presence of retinol (Figs. 5D and 
5E) is a function of the method of sample preparation. 
In addition it can be observed in Fig. 5D that the 
isotropic signal, which is not present at 20°C, appears 
at 30°C and is present at all temperatures above that. 
An stimate of the relative amount of different phases 
was made from the spectra shown in Fig. 5. Particularly 
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in the spectra of Figs. 5D and E, the contribution of 
isotropie signal to the spectra Was 3-6% and 10-40%, 
respectively. 

Using our DSC data from heating and cooling ex- 
periments partial phase diagrams have been con- 
structed. The phase diagrams extend up to a retinoid 
mol fraction of 0.5. The information about the struc- 
tural organization of the phospholipid obtained from 
3~P-NMR experiments has been incorporated into the 
phase diagrams as well, in order to get more insight 
into the polymorphic behaviour of DEPE/retinoids 
systems. 

Fig. 6 shows the partial phase diagram for mixtures 
of DEPE and retinoic acid. For a retinoic acid concen- 
tration range from 0 to 0.1 tool fraction, the system 
displays a near-ideal behaviour, the temperature for 
both the gel to liquid-crystalline and the bilayer to 
hexagonaI-H u phase transitions decreasing as the con- 
centration of retinoic acid increases. For a given 
retinoic acid mol fraction within this range, increasing 
the temperature gives rise to the consecutive transition 
from Ltj to L,  and then from L,, to H,~ phase, the 
regions of co-existence of L ,  t- L# and Lt~ + H n phases 
being very narrow which indicates the high degree of 
cooperativity of these transitions. At retinoic acid con- 
centrations above a mol fraction of 0.1 there is phase 
immiscibility in both the L , / L #  and L , / H n  phase 
boundaries, since the phase lines remain horizontal. 

The corresponding phase diagram for the s:,~,tem 
DEPE/retinol is shown in Fig. 7. From DSC data a 
near-ideal behaviour for the gel to liquid-crystalline 
and the bilaycr to hexagonal-Hn phase transitions is 
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observed. At retinoi concentrations higher than a tool 
fraction of 0.166 the bilayer to hexagonal-H n phase 
transition cannot be further observed. Inclusion of the 
3~P-NMR data make the phase diagiam considerably 
more complex. For a retinol mol fraction of 0.047, 
-~hen the temperature is raised from 20°C to 30°C an 
isotropic signal in the spectrum appears (Fig. 5D), 
indicating that a L t J L  a + 1 boundary should exist, and 
this is hypothetically depicted by line 'a' in Fig. 7. For a 
retinol concentration range between 0 and 0.166 tool 
tructEm wlaen me ~emperature is raised tlae p l l o s n o l t p t d  

consecutively undergoes a gel to liquid-crystallino and 
a bilayer to hexagonai-H n pha,~:e transition, all these 
phases co-existing with a fraction of the phospholipid 
orgardzed in a structure responsible for the isotropic 
signal observed in the 3~ P-NMR spectra (Figs. 5D and 
E) and here called 'I'. For a retinol tool fraction higher 
than 0.166, as the temperature is raised the system 
evolves from L a + I to H tt + I through a region of 
co.existence of La + H n + I, apparently without an 
intervening L,  phase. 

D i s c u s s i o n  

In this study, the influence of two retilioids of major 
biological importance like retinoic acid and retinol on 
the lipid polymorphic behaviour of DEPE has been 
examined using physical techniques such as DSC and 
3, P-NMR. 

The molecule of a retinoid consists of three rn~,,, 
sections, a lipophilic part at one end, connected via a 
polyunsaturated chain as a spacer to a hydrophilic 
group at the other end of the molecule (Fig. 1). This 
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amphiphylic nature makes biological membranes one 
of the most likely sites of retinoid action. 

Temperature is an important experimental pacame- 
ter which determines the macroscopic structure of hy- 
drated membrane lipids. Temperature dependent bi- 
layer to hexagonal-H u phase transitions have been 
observed in a large variety of both synthetic and natu- 
ral PE's [13]. We have used in this study an unsatu- 
rated PE such as DEPE, whose bilayer to hexagonal-H n 
transition has been thoroughly characterized [23,24]. 

The effect of retinoic acid on T c and AH~ may be 
due to the perturbation of the intermolecular hydrogen 
bonds present in phospholipid vesicles made of PE 
[2:5]. Also, given the structure oi retinoic acid (Fig. I), 
it should be expected to disrupt the packing of the 
hydrophobie chains of DEPE in the gel phase, there- 
fore giving place to a decrease in the T~ of the gel to 
liquid-crystalline phase transition. A similar behaviour 
is found in relation to the bilayer to hexagonal-H u 
phase transition. These effects dre restricted to retinoic 
acid concentrations up to a tool fraction of approx. 0.1. 
Higher concentrations of retinoic acid do not further 
affect the phase transitions parameters, indicating that 
only a limited amount of ~etinoic acid is allowed to 
interact with DEPE. When the concentration of 
retinoic acid exceeds a tool fraction of 0.1, this com- 
pound will possibly form phase separated retinoic 
acid-enriched domains within the membrane. 

The effect of retinoic acid on T h indicates that this 
molecule is able to promote hexagonal-H u phase for- 
mation in DEPE membranes, as it is also confirmed by 
• ~ P-NMR. As shown in Figs. 5B and C, the presence of 
increasing concentrations of retinoic acid results in the 
formation of hexagonai-H u structures at temperatures 
below those observed for pure DEPE. 

The partial phase diagram for the system DEPE/  
retinoic acid (Fig. 6) clearly presents two parts: below 
and above a retinoie acid tool fraction of approx. 0.1. 
Below this value the system behaves near-ideally for 
both the L#/L,, and L, , /H u phase transitions, the 
regions of co-existence of L# + L,, and L,, + H u phases 
being very narrow, which indicates that retinoic acid 
does not affect very much the cooperativity of these 
phase transitions. Above a tool fraction of 0.1, the 
system presents gel and fluid-phase immiscibility in the 
bilayer structure as well as bilayer/hexagonai-H u im- 
miscibility. The rcgions marked * in Fig. 6 will corre- 
spond to phases ~.omposed of DEPE/retinoic acid with 
stoichometry 10:1 (retinoic acid rap! fraction 0.1) in 
equilibrium with retinoic acid molecules forming en- 
riched domains. 

At difference with retinoic acid, the perturbation of 
the transitions parameters induced by retinol increases 
with retinol concentration along the whole range under 
study. Furthermore, retinol is able to considerably 
broaden the transition peaks specially at concentra- 

tions above 0.1 tool fraction, which indicates a strong 
perturbation of the cooperativity of the transition, it 
should be emphasized that although the peak of the 
lame!lar to hexagonal-H u phase transition is not visu- 
alized in DSC experiments at concentrations of retinol 
higher than a molar fraction of 0.166, this transition is 
not abolished in these cases. As shown by 3~P-NMR 
the onset of the lamellar to hexagonaI-H n phase tran- 
sition is shifted to low temperatures at these concen- 
trations of retinol. This effect may be due to the 
formation of domains enriched in retinol where the 
hexagonaI-H u phase is stabilized at temperatures lower 
than that at which the transition takes place in the 
pure phospholipid. Retinol has been previously found 
to lower the bilayer to hexagonal-H u transition tem- 
perature of DEPE [5]. The larger perturbation of DEPE 
bilayers produced by retinol vs. retinoic acid is consis- 
tent with the greater solubility of retinol that allows a 
greater perturbation. 

Characterization of DEPE/retinol syste•is by :~lp. 
NMR shows (Figs. 5D and E) that retinol is a better 
promoter of hexagonai-H u phase tbrmation than 
retinoic acid. Indeed, hexagonaI-H n phases are al- 
ready observed at temperatures even below the main 
gel to liquid-crystalline phase transition temperature of 
pure DEPE. An interesting finding is the presence of 
an isotropic signal in the spectra. This signal already 
appears at low retinol concentrations and at tempera- 
tures below the gel to liquid-crystalline phase transi- 
tion. It has been previously described that N-methyl- 
dioleloylphosphatidylethanolamine can form structures 
giving rise to isotropic ~mP-NMR signals at tempera- 
tures well below those at which a hexagonai-H u phase 
is first observed [26,27] and something similar has been 
also reported for mixtures of unsaturated PE's and 
PC's [23,28-301. 

As discussed by Ellens et ai. [31], the appearance of 
isotropic compcments in the "~j P-NMR spectra of multi- 
lametlar lipid preparations can also be due to the 
presence of very small liposomes, although this is un- 
likely to be the case here since they will be fusing and 
would quickly give place to larger non-isotropic struc- 
tures and also because the preparation of the samples 
studied in this paper included a ~edimentation step by 
centrifugation at low speed, which will fail in pelleting 
iiposomes of very small diameter. On the other hard, 
the kinetic model of the L,, to hexagonal-H n phase 
transition mechanism suggested by Siegel and co- 
workers [31-34] includes the formation of inverted 
miccllar intermediates an0 interlamellar attachment 
structures which will produce isotropic spectral reso- 
nances in "~j P-NMR. The appearance of isotropic reso- 
nance signals in DEPE has been previously reported 
for mixtures of this phospholipid with tocopherols [35]. 
At high retinol concentrations (Fig. 5E) it is clearly 
observed that upon increasing the temperature the 



hexagonal-H n phase is formed at the expense of the 
isotropic signal. The 3~p-NMR isotropic signal may 
also arise from cubic arrays [23] but in our case it can 
be speculated that it could be due to disordered bilayer 
intermediates which upon increasing the temperature 
will adopt the hexagonal-H u organization. 

The effect of retinol on DEPE lipid polymorphic 
behaviour is considerably more complex than that of 
retinoic acid, as observed in the corresponding phase 
diagram (Fig. 7). The phase lines obtained from DSC 
experiments display a near-ideal behaviour, progres- 
sively decreasing with increasing concentration of 
retinol. However, upon incorporation of the 3~P-NMR 
results into the phase diagram this gets more compli- 
cated. From the observation of spectra at 20°C and 
30°C in Fig. 5D it can be deduced that a boundary 
separating regions of La from regions of La + I phases 
should exist~ We have tentatively depicted this bound- 
ary by line 'a' in the diagram. Below line 'a' DEPE will 
adopt a gel lamellar phase, Lo. Upon increasing either 
temperature or retinol concentration part of the DEPE 
molecules interacting with retinol will adopt a structure 
giving rise to the isotropic signal in "~ P-NMR spectra, 
so that a region of co-existence of Lo + 1 exists. At a 
retinol tool fraction of approx. 0.17 the bilayer to 
hexagonai-H, phase transition is not observed any- 
more in the DSC thermograms and the peaks corre- 
sponding to the gel to liquid-crystalline phase transi- 
tion are considerably broadened (Fig. 3). 3~P-NMR 
data (Fig. 5) indicate that the bilayer to hexagonai-H. 
transition is aiready taking place at temperatures even 
below the gel to liquid cristalline phase transition of 
pure DEPE. In order for the system to fulfill the phase 
rule it is a requisite that the lipid molecules responsi- 
ble for the isotropic signal do not represent a different 
separated physical phase from L or H .  phases. In this 
respect it has been suggested for other PE-containing 
systems [36] that the observed 3~P-NMR isotropic sig- 
nals do not necessarily represent highly ordered cubic 
phases, but may be disordered bilayer intermediates. It 
can be speculated that these intermediates are in a 
dynamic equilibrium with either L or H n phases, which 
will displace in one or another direction depending on 
the parameters of the system (temperature and compo- 
sition), however the rate of exchange of phospholipid 
molecules between isotropic and iamellar and/or  
hexagonal phases must be slow or intermediate on the 
NMR time-scale. 

At retinol concentrations with a mol fraction above 
approx. 0.17 the system seems to directly evolve from 
an ordered lamellar phase, Ltj, to a fluid hexagonaI-H. 
phase, H n, without an intervening fluid lamellar phase, 
L,~. This observation has been also reported for other 
systems like dipalmitoylphosphatidylcholine/palmitic 
acid mixtures at low pH and in dihexadeeyiphos- 
phatidylethanolamine and distearoylphosphatidyletha- 
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nolarnine in saturated NaCl [37] as well as in dihexade- 
cylphosphatidylethanolamine alone [38]. 

The capacity of hydrated liquid-crystalline lipid to 
adopt different structures according to acyl chain or 
headgroup composition has been thoroughly studied. 
These studies have given support to the hypothesis that 
a generalized 'shape' properv7 of iipids determined the 
phase structure adopted [39] and a shape or packing 
parameter, S, has been characterized [40] being S = 
v/(aolo), where l' is the hydrophobic volume per 
molecule, a o is the 'optimum' area per headgroup at 
the lipid/water interface and !o is the length of the 
hydrocarban chains. PE's have a smaller, less hydrated 
headgroup than PC's and this, together with the possi- 
bility of forming intermolecular hydrogen bonding, 
would reduce the area per molecule in the headgroup 
region, this leading to a cone-shaped molecule, where 
S > I, having shape properties compatible with in- 
verted structures such as the hexagonaI-H n phase. The 
inclusion of lipidic molecules such as retinoids, having 
a bulky apolar cyclohexane group and a smaller polar 
alcohol or carboxyi group and thus constituting a 
cone-shape, in the PE system will perturb the lipid 
matrix increasing the acyi chain motion which may be 
considered to increase the hydrophobic volume, v, and 
thus giving an average greater value for the shape 
parameter, S, and in this way facilitating the formation 
of hexagonal-H n structures by PE. 

Although retinoic acid has been described to act by 
modulating the genetic expression of the cell [41], the 
incorporation of retinoids inlo membranes can be of 
biological importance. It has been described for exam- 
ple, that retinol [5] and retinoic acid [4] may activate 
protein kinase C and it has been suggested that the~e 
may be a relationship between the effect of lipophylic 
molecules on bilayer ,,:tability and on protein kinasc C 
activity [5]. |t can be then speculated that the ability of 
retinoids to promote hexagonaI-H n phase described in 
this paper may be of relevance for the mechanism of 
action by which retinoids exert this biological activity. 

On the other hand retinoids have been claimed to 
be active in the treatment of a number of cancers [42], 
but the toxicity of high doses of retinoids is a problem 
for their use. Certainly, membrane disruption may be a 
reason for their toxicity and this may be caused by their 
ability to stabilize non-lamellar structures, as shown 
here. This ability may be also behind the enhancement 
in membrane permeability to non-electrolytes and ions 
which is observed on incorporation of retinoids into 
membranes [8,43,44]. 

Acknowledgement 

This work was supported by DGICYT, Spain (grant 
No. PM90-0044). 



References 

1 Roberts, A.B. and Sporn, M.B. (19841 in The Retinoids, Vol. 2 
(Sporn, M.B., Roberts, A.B. and Goodman, D.S., eds.), pp. 
210-286, Academic Press. Orlando. 

2 Jetten, A.M. (19851 in Growth and Maturation Factors, Vol 3 
(Guroff, J., ed.), pp. ~1-293, Wiley, New York. 

3 Dingle, J.T. and Lucy, J.A. 119651 Biol. Rev. 40, 422-461. 
4 Cope, F.O., Howard, B.D. and Bontwell, R.K. (19861 Experientia 

42, 1023-1027. 
5 Epand, R.M. 119871 Chem. Biol. Interactions 63, 239-247. 
6 Sporn, M.B., Dunlop, N.M., Newton, D.L. and Henderson, W.R. 

(19761 Nature 263, 110-113. 
7 Hix,~n, EJ. and Denine, E.P. (19781 Toxicol. Appl. Pharmacol. 

44, 29-40, 
8 Stillwell, W,, Ricketts, M., itud~)n, H. and Nahmias, S. 119821 

Biochim. Bioph~s, Aeta ~8,  653-659. 
9 Wassail, S.R., Phelps, T.M,, Albrecht, M.R,, Langsford, C.A. and 

Stillwell, W. (19881 Biochim. Biophys. Acta 939, 393-4112. 
l0 De Bt~ck, H. and Zidovetzki, R. 119881 Biochim. Biophys. Aeta 

946, 244-252, 
II Ortiz, A., Aranda, FJ. and Gt~mez-Fermhldez. J.C. (19921 

Biochim. Biophys, Acta 11116, 282-2~1, 
12 Cullis, P.R., Hope, M,J., De Kruijff, B., Verkleij, A.J. and Tilcock, 

C.P.S. (19851 in Phospholipid and Celuilar Regulation (Kuo. J.F., 
ed.), Vol, I, pp, I-H), CRC Press, Pa~ca Raton. 

13 De Kruijff, B., Cullis, P.R., Verkleij, AJ., Hope, M.J., Van 
Echteld, CJ,A. and Taraschi, T.F. 119851 in The Enzymes of 
Biological Membranes (2nd Edn.)(Martonosi, A.N., ed.), Vol. !, 
pp, 131-2114, Plenum Press, New York. 

14 Biittcher, CJ,F., Van Gent, C.M. and Priest, C. 119611 Anal. 
Chim. Acta 24, 203-204. 

15 Phillips, M.C., Ladbrooke, B.D, and Chapman, D. (19701 Biochim. 
Biophys. Acta 196, 35-44. 

16 Gallay, J, and De Kruijff, B. 119841 Eur. J, Biochem. 142, !115-112. 
17 Cullis, P.R. alid De Kruijff, B. 119791 Biochim. Biophys, Acta 559, 

399-420. 
18 Epand, R,M, ( 19851 Chem, Phys. Lipids 36, 387-393. 
19 Van Uehteld, CJ.A,, Van Stigt, R., De Kruijff, B., Leunnissel,-Bi- 

jvelt, J., Verkleij, A,J. and De Gier, J. (19811 Biochim, Biophys. 
Acta 648, 287-291, 

211 Aranda, F J, and De Kruijff, B. 119881 Biochim. Biophys, Acta 
937, 195-2113, 

21 Seelig, J. and Gallay, H.V. 119761 Biochemistry 15, 5199-52114. 
22 Seelig, J. (19781 Biochim. Biophys. Acta 515, 105-1411. 
23 Cullis, P.R. and De Kruijff, B. (19781 Biochim. Biophys, Acta 5117, 

207-218. 
24 Tilcock, C.P.S. and Cullis, P.R. (1982) Biochim. Biophys. Acta 

513, 31-42. 
25 Hitchcock, P.B., Mason, R. and Shipley, G.(,i, (1975)J. Mol. Biol. 

94, 297-299. 
26 Gagn~, J., Stamatos, L., Diacovo, T., ltui, S.W., Yeagle, P.L. and 

Silvias, J.R. (19851 Biochemistry 24, ,1400-4,108. 
27 Gruner, S.M., Tare, M.W., Kirk, G.L., So, P.T.C., Turner, D.C., 

Keane, D.T., Tilcock. C.P.S. and Cullis, P.R, (1988) Biochemistry 
27, 2853-2866. 

28 Hui, S.W., Stewart, T.P., Yeagle, P.L. and Albert, A.D. 119811 
Arch. Biochem, Biophys, 207, 227-2411. 

29 Tilcock, C.P.S., Ball,v, M.B., Farren, S R  :.~d Cullis, P.R 1!9821 
Biochemishy 21, 4596-46111. 

30 Verkleij, A.J. (1984) Biochim. Biophys, Acta 77~, 43-63. 
31 Ellens, H., Siegel, D.P., Alfiwd, D., Ycagle, P.I .... Boni, L., Lis, 

LJ., Quinn, P.J. and Benin, J. (1989) Biochemistry 28, 3692-371}3. 
32 Siegel, D. (1986) Biophys. J. 49, !155-11711. 
33 Siegel, D. (1986) Biophys. J. 49, 1171-1183, 
34 Siegel, D. (1986) Chem. Phys. Lipids 42, 279-301. 
35 Micol, V., Anmda, F.J., Vilhda[n, J. and (idme~.-Fenlfindez, j.('. 

(1990) Biochim. Biophys. Acla 11122, 194-2112. 
3h Van Gorkom, L.C.M., Nic, S.O. and Ep:md, R.M. (I9921 Bio- 

chemistry 31,671-677. 
37 Marsh, D. and Seddon, J.M. (19821 Biochim. Biophys. Acta 6911, 

117-123. 
38 Caffrcy, M. (1985) Biochemistry 24, 482(~-4844. 
39 (,ullis, P.R., De Kruijff, B., llope, M.J., Verkleij, A.J., Najar, R., 

Farren, S.R., Tileoek, C., Maden, T.D. and Bailey, M.B. (1983)in 
Membnme Fluidity (AIoia, R.C., ed.), Vol. 2, pp. 41|--79, Aca- 
demic Press~ New York. 

40 Israelachvili, J.N., Marcelja, S. and lioru, R.G. (1980) Q. Rev. 
Biophys. 13, 121-200. 

41 Summerbe~l, I). and Madcn, M. 119911)Trends Neurosci. 13, 
142-147. 

42 girt, D.F, (19861 Pn~c. Sac. Exp. l];,d. Med. 183, 311-317. 
43 Stillwell, W. and Ricketts, M. (1981|) Biochem. Biophys. Res. 

('ommun. 97, 148-153. 
44 Stillwell, W. and Bryant, L. (It,~83) Biochim. Biophys. Acta 731, 

483 -489. 


