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1. INTRODUCTION 

Sterols are main constituents of biological mem- 
branes. Their exact function is unknown, but many 
studies indicated that sterols greatly affect the physi- 
cal properties of the lipid part of membranes. In 
particular, the observations that cholesterol by its 
condensing effect increases the chain order in the 
liquid crystalline state and by its liquifying effect 
decreases the chain order in the gel state, has led to 
the concept that cholesterol-containing membranes 
are in an ‘intermediate state of fluidity’ [ 11. 

which upon isolation, when dispersed in aqueous 
buffers, organize themselves in inverted structures 
such as the hexagonal HII phase or intrabilayer in- 
verted micelles. For instance, natural phosphatidyl- 
ethanolamines (PEs) undergo temperature-depend- 
ent bilayer -+ hexagonal HII transitions such that 
at physiological temperatures the hexagonal HII 
phase,is preferred [ 10,111. Phosphatidylcholines 
stabilize bilayer structure of PEs whereas cholester- 
ol promotes hexagonal HII phase formation in mix- 
ed phosphatidylcholine-PE systems [ 12,131. 

Both model membrane experiments and studies 
on biological membranes have‘ revealed that the 
sterol structure is of critical importance in the sterol- 
lipid interaction. In general, a planar ring system, a 
3P-OH group and a long flexible chain at Cl7 are 
prerequisite for both condensing and liquifying 
effects 12-31. The same structural requirements 
are found for sterols which promote growth of the 
sterol-requiring mycoplasmas 141. A relationship 
between these structural characteristics and mem- 
brane permeabilities is observed in pure lecithin 
liposomes [5] and also in biological membrane 
systems [6-81. 

Nothing is known about the effect of sterol 
structure on the phase preference of lipids. There- 
fore, we have investigated by 3’P NMR the effect of 
different sterols on the bilayer + hexagonal HII 
transition [9] of a synthetic PE with two questions in 
mind: 
(i) Is the chemical structure of the sterol molecule 

of importance for the phase behaviour of the 
system? 

(ii) Can phase changes induced by the sterol be 
correlated with the molecular shape of the 
sterol? 

Considerable interest has arisen in the possible 
occurrence of non-lamellar lipid structures in 
membranes [9]. These possibilities are reinforced by 
the observation that every biological membrane 
tested so far contains substantial amounts of lipids 

2. EXPERIMENTAL 
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Dielaidoyl phosphatidylethanolamine (18: l,/ 
18: It phosphatidylethanolamine, DEPE) was syn- 
thesized as in [14]. Sterols were purchased from 
the following commercial sources: cholest-5-en- 
3p-01 (cholesterol), cholest-(5,7)-dien-3P_ol (7-de- 
hydrocholesterol), cholest-(5, 7, 22)-trien-24- 
methyl-3fi-ol (ergosterol), cholest-4-en-3-one 
(Fluka AG, Buchs); (cholest-(4,6)-dien-3-one 
(BDH, Poole); 5a-choles-tan-3-one (Koch-Light, 
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Colnbrook); cholest-5-en-3a-ol (epicholesterol); 
(Schwarz/Mann, New York); Sa-androstan-3/?-ol 
(Ikapharm, Ramat-Gan). 

2.1. Preparation of samples 

Aqueous dispersions of phospholipids with or 
without added sterols were carried out from a 
chloroform solution containing appropriate 
amounts of lipids (-40 mg) dried under nitrogen. 
Residual traces of chloroform were removed by 
submitting the samples to high vacuum over 3-4 h. 
The lipid samples were then hydrated by addition 
of 0.8 ml Tris-HCl 0.01 M (pH 7.4) NaCl 0.1 M, 
EDTA 2 mM and 0.2 ml of the same buffer made in 
*H20. Dispersions were accomplished upon ex- 
haustive vortex mixing. 

22 3’PNMR . . 
Proton-decoupled 36.4 MHz 31P NMR spectra 

were obtained as in [lo]. The % of lipid organized in 
extended bilayers or hexagonal Htt phases were 
determined by computer subtraction methods, 
using the characteristic pure ‘bilayer’ and ‘hexagon- 
al’ types of 3’P NMR line shape [9] as references. In 
no case were isotropic 3’P NMR signals observed. 

3. RESULTS AND DISCUSSION 

The effects of the different sterols used here on 
the bilayer-*hexagonal Htt phase transition temp- 
erature are presented in tig.1. Cholesterol, 7-de- 
hydrocholesterol and ergosterol affect only to a 
small extent the transition temperature. Upon 
changing the 3P-OH into a 3a-OH group (epichol- 
esterol) the transition temperature is shifted to low- 
er values by almost 10°C. Replacement of the 
3/?-OH group by a keto-group (5a-cholestan-3-one) 
leads to almost the same change as for the 3a-OH 
derivative. Addition of one or two conjugated 
double bonds (cholest-4-en-3-one and cholest- 
(4,6)-dien-3-one) produces an additional tempera- 
ture shift of - 10°C. Removal of the isocaproic 
side-chain (Sa-androstan-3/3-01) has the same effect 
as the conjugated 3-ketosteroids and the Htt phase 
transition temperature becomes 34°C. 

Gel - liquid crystalline phase transitions can 
also be monitored by 31P NMR, as below the trans- 
ition temperature a large increase in linewidth 
occurs [15]. For pure DEPE we found the transition 
temperature to be -35°C as reported [lo]. Incorp- 
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oration of equimolar amounts of epicholesterol 
and the 3-ketosteroids did not affect the gel -+ 
liquid crystalline phase transition of the DEPE in 
agreement with previous calorimetric studies on 
phosphatidylcholine systems (61. Ergosterol had no 
effect. In contrast, incorporation of 50 mol% of 
cholesterol and 7-dehydrocholesterol eliminated 
this phase transition confirming the known liqui- 
fying effect of these sterols [ 11. 

Thus, the structural requirements of the sterol 
molecule to decrease the bilayer -+ hexagonal HJt 
phase transition temperature are very similar to 
those for the liquifying and condensing effects that 
these sterols exert in bilayer systems. 

Those sterols which most strongly destabilize bi- 
layer structure (e.g., decrease the bilayer -+ hexa- 
gonal HtJ phase transition temperature) inhibit the 
growth of sterol-requiring mycoplasmas [4]. Also 
incorporation of the 3-ketosteroids into erythro- 
cytes greatly increases the permeability and fragility 
of the membrane [8] which might be related to their 
strong bilayer-destabilizing effect. 

In [9] a correlation was proposed between the 
molecular shape and the phase preference of lipid 
molecules. Lipids with a small polar head group 
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Fig. 1. Representation of the bilayer 4 hexagonal Hn 
phase transition as a function of temperature if DEPE 
samples containing: (*) no sterol; (A) cholesterol; (a) 
ergosterol; (m) 7-dehydrocholesterol; (m) epicholesterol; 

(v) Sa-androstan-3/3-01; (A) Sn-cholestan-3-one; 
(o) Cholest-4-en-3-one; and (0) cholest-(4,6)-dien-3-one. 
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Fig.2. Representation of the bilayer - hexagonal Hu phase transition temperature as a function of: 
(A) the molecular area of pure sterols in monolayer films; 

(B) the mean molecular area of mixed sterol-lecithin monolayer films (surface pressure: 12 dynes/cm) [2]. 

and a relatively large hydrocarbon area are ‘cone- 
shape’ and thus prefer to organize themselves into 
inverted structures such as the hexagonal HJJ phase 
or inverted micelles. 

The exact dynamic shape of phospholipid and 
sterol molecules in mixed films is unknown. How- 
ever, some insight into the shape can be obtained 
from monolayer data. As the polar part of the sterol 
molecule in general is much smaller than the hydro- 
carbon region, sterols are ‘cone-shaped’. The magni- 
tude of the dynamic cone shape can be derived 
from the mean molecular area of sterols in mono- 
layers at the air-water interface. For instance, 
the 3-ketosteroids occupy a much larger molec- 
ular area in monolayers as compared to cholesterol 
[2]. This could indicate that the ring system of the 
3-ketosteroid is not perpendicularly oriented to the 
air-water interface and that due to fast axial rota- 
tion the angle of the dynamic cone is larger than 
that of the cholesterol molecule. 

The bilayer -+ hexagonal HJJ phase transition 
temperature is plotted in fig.2 as a function of the 
molecular area of sterols (surface pressure = 12 
dynes/cm) as obtained from published monolayer 
studies using pure sterols (fig.2A) or mixed phos- 
phatidylcholine-sterol (tig.2B) films. Straight lines 
are obtained with correlation coefficients of 0.985 
(fig.ZA) and 0.990 (tig.2B), respectively. This clearly 
demonstrated the good correlation between the 
molecular shape and the phase preference of the 
lipid. The only exception is for Sa-androstan-3/3-ol 
which induced the largest bilayer destabilization 
but which has a limiting area of 39 A, comparable to 
that of cholesterol (39.5 A) (21. Apparently, the lack 
of the iso-caproid acid side chain at Cl7 induces 
disorder in the end of the acyl chains in the DEPE 
thus inducing a more cone-like shape of the DEPE 
molecules, thereby decreasing the bilayer - hexa- 
gonal HJJ phase transition temperature. 

13.5 



Volume 143, number 1 FEBS LETTERS June 1982 

ACKNOWLEDGEMENTS 

We thank W. Gueurts van Kessel for the phos- 
pholipid synthesis and R. Demel for helpful dis- 
cussions. J.G. is recipient of a post-doctoral fellow- 
ship from the exchange program between the 
Netherlands Organization for the Advancement of 
Pure Research (ZWO) and the Centre National de 
la Recherche Scientitique (CNRS). 

REFERENCES 

[I] Demel, R.A. and De Kruijff, B.(l976) Biochim. 
Biophys. Acta 457, 109- 132. 

[2] Demel, R.A., Bruckdorfer, K.R. and Van Deenen, 
L.L.M. (1972) Biochim. Biophys. Acta 255, 
3 1 l-320. 

[3] Hsia, J.C., Long, R.A., Hruska, F.E. and Gesser, 
H.D. (1972) Biochim. Biophys. Acta 290,22-3 1. 

[4] Rottem, S., Pfend, E.A. and Hayflick, L. (1971) J. 
Bacterial. 105, 323-330. 

[5] Demel, R.A., Bruckdorfer, K.R. and Van Deenen 
L.L.M. (1972) Biochim. Biophys. Acta 255,321-330. 

[6] De Kruijff, B., Demel, R.A. and Van Deenen, 
L.L.M. (1972) Biochim. Biophys. Acta 255, 
33 l-347. 

[7] De Kruijff, B., De Greef, W.J., van Eyk, R.V.W.. 
Demel, R.A. and Van Deenen, L.L.M. (1973) Bio- 
chim. Biophys. Acta 298,479-499. 

[8] Bruckdorfer, K.R., Demel, R.A., De Gier, J. and 
Van Deenen, L.L.M. (1969) Biochim. Biophys. Acta 
183,334-345. 

[9] Cullis, P.R. and De Kruijff, B. (1979) Biochim. 
Biophys. Acta 559,399-420. 

[lo] Cullis, P.R. and De Kruijff, B. (1978) Biochim. 
Biophys. Acta 513,31-42. 

[I I] De Kruijff, B., Verkleij, A.J., Van Echteld, C.J.A., 
Gerritsen, W.J., Noordam, P.C., Mombers, C., 
Rietveld, A., De Gier, J., Cullis, P.R., Hope, M.J. 
and Nayar, R. (1981) in: International Cell Biology 
1980-1981 (Schweiger, H.G., ed.) pp. 559-571, 
Springer-Verlag, Heidelberg, New York. 

[ 121 Cullis, P.R. and De Kruijff, B. (1978) Biochim. 
Biophys. Acta 507,207-218. 

[ 131 Cullis, P.R., Van Dijck, P.W.M., De Kruijff, B. and 
De Gier. J. (1978) Biochim. Biophys. Acta 513, 
21-30. 

[14] Cullis, P.R. and De Kruijff, B. (1976) Biochim. 
Biophys. Acta 436,523-540. 

[15] Seelig, J. (1978) Biochim. Biophys. Acta 515, 
105- 140. 

136 


