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SUMMARY 

NMR experiments comparing the immobilisation of lecithin chains by cho- 
lesterol and by 5~-androstan-3fl-ol confirm the 1 : 1 stoichiometry of the lecithin- 
sterol complex and the molecular details of the interaction given by Darke et al. 
(Darke, A., Finer, E. G., Flook, A. G. and Phillips, M. C. (1972) J. Mol. Biol. 63, 
265-279) (in particular, that the cholesterol OH lies next to the lecithin phosphate.) 
In bilayers containing less than equimolar amounts of cholesterol discrete regions of 
1 : 1 complex separate out; this leaves (a) lecithin molecules at the boundaries of 
these regions, for which cooperative motions are not possible; and (b) clusters of free 
lecithin molecules in which the hydrocarbon chains undergo cooperative motions 
and which freeze at the usual gel-to-liquid-crystal transition temperature (To). There 
is a significant fraction of the latter type of lecithin molecule only when less than about 
30 mole ~ cholesterol is present. When the level of cholesterol in lecithin bilayers is 
decreased, the increase in free lecithin cluster size causes the motions of the hydrocarbon 
chains in these regions to become more cooperative such that the transition enthalpy 
per molecule of Type (b) approaches that of pure lecithin. At room temperature 
(T > T¢), the exchange rate between complexed and uncomplexed lecithin probably 
lies between 10 -1 s -1 and 102 s -1. 

INTRODUCTION 

The extensive studies in the past twenty years of the interaction between phos- 
pholipids and cholesterol have been in broad agreement in showing that the presence 
of cholesterol affects the hydrocarbon chain packing in mixed monolayers and bi- 
layers (for reviews, see refs 1 and 2). In particular, the restriction of hydrocarbon chain 
motions in the liquid-crystalline state and the perturbation of the gel-to-liquid- 
crystal transition have been well confirmed by a range of spectroscopic techniques 
(refs 3-11 and refs cited in refs 1 and 2). Another significant finding of the NMR 
studies [3, 4] is the fact that in mixed bilayers containing less than equimolar amounts 
of cholesterol, the sterol is not distributed evenly along the bilayer. This clustering 
cf  molecules or "lateral-phase separation" has since also been detected by wide angle 
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X-ray diffraction [12] and spin-label [13] experiments. These clustering effects, which 
can also occur in mixed phospholipid bilayers [14--16], are a consequence of the 
cooperative nature of  the hydrocarbon chain motions and packing. In order to mini- 
mise the free energy of the phospholipid molecules in a single-component bilayer by 
maximising both the van der Waals interactions and the configurational entropy of 
the flexible molecules, the arrangement of the chains has to be close-packed and yet 
allow considerable segmental motion. This can only be achieved if these motions 
are cooperative. When rigid "solute" molecules (e.g. cholesterol, proteins) which 
cannot satisfy these requirements are introduced into a liquid-crystalline bilayer, the 
system minimises its free energy by retaining, to some extent, discrete regions of  
lecithin in which the cooperative chain packing can occur. This shows that the con- 
figurational entropy of the chains is more important than the entropy which would be 
gained by random mixing. 

Given that such clustering occurs in lecithin-cholesterol bilayers, we need to 
know the composition of the cholesterol-rich regions. There is disagreement about the 
stoichiometry of the lecithin-cholesterol association (cf. refs 3, 4, 12, 13, 17) and the 
purpose of this communication is to present new data confirming the existence and 
molecular arrangement of an equimolar complex, and to discuss its lifetime. The 
cooperativity of the system leads to complicated behaviour at the gel-to-liquid-crystal 
transition, and failure to appreciate this fact has given rise to incorrect interpretations 
of various data; we show how the apparent inconsistencies in the literature can be 
rationalized if due account is taken of the cooperativity. 

Molecular packing 
When the lipid concentration (C) is less than 60 ~o (w/w) (i.e. excess water 

is present), the maximum amount of cholesterol which can be incorporated into 
lecithin bilayers is equimolar with the lecithin [18-20]. At this composition, the 
bilayer is comprised completely of  1 : 1 complexes and it is homogeneous along its 
plane. NMR  determinations [3, 4] of the segmental motion of  lecithin molecules in 
these bilayers as compared to pure lecithin bilayers have shown that in the apolar 
region the first ten methylene groups are rendered least mobile, leaving the terminal 
methyl groups relatively free; in the polar region the trimethylamino group is slightly 
restricted although the glycerol backbone has more motional freedom. The least 
mobile methylene groups have similar mobility to the cholesterol molecule; in the 
latter the alkyl chain at C-17 is not rotating freely* and contrary to the assumption 
by Rothman and Engelman [21 ] has roughly the same mobility as the steroid nucleus. 
These data are consistent with the lecithin and cholesterol molecules bzing juxtaposed 
with the cholesterol hydroxyl group hydrogen-bonded to the phosphate group of the 
lecithin and the remainder of the sterol molecule extending along the lecithin chains to 
C-10 (see photographs in refs 3 and 22). 

The details of this arrangement are in agreement with optical-rotatory-dispersion 
studies of a series of cholesterol-related steroids in lecithin bilayers [22] and an 

* The relative lack of mobility of this group is probably due to the difficulty of rotating a 
branched chain. It has been clearly demonstrated [4] by (a) the fact that no high resolution spectrum 
was observed from any cholesterol protons in sonicated codispersions with denterated lecithin, and 
(b) a detailed analysis of the wide-line NMR spectrum of unsonicated codispersions. 
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infrared dichroism study of lecithin-cholesterol multibilayers [34]. The involvement 
of the hydroxyl group and the C-17 side chain in the interaction of cholesterol with 
lecithin has also been neatly demonstrated by comparison of the interactions of a 
series of related sterols [23, 24]. However, the idea (drawn from model-building 
studies [21]) of the cholesterol being more deeply immersed in the bilayer is in- 
compatible with these findings. We have now obtained further evidence for the rel- 
ative positions of the steroid nucleus and the lecithin molecule being as described 
above. High resolution NMR spectra (100 MHz, 26 °C) were obtained from son- 
icated dispersions of  egg lecithin (0.5-1 ~ (w/v)) alone, and codispersed with either 
cholesterol or 5~-androstan-3/~-ol (molar ratio 2 lecithin : 1 sterol). This isomer of  
androstanol differs from cholesterol only in that the eight-carbon side chain on C-17 
is missing and that the ring system is saturated; removal of the double bond is not 
significant because the interactions of cholestanol and cholesterol with lecithin are the 
same [23]. The percentage of lecithin alkyl chain protons contributing to the high 
resolution integral [25], measured over 3 ppm and allowing for the sloping baseline 
caused by broad lines under the integrated signal, was 88 ~ with androstanol and 70 ~o 
with cholesterol. The figures are normalised to 100 ~ for lecithin alone; the actual 
figure observed for pure lecithin was only 92 %, probably because of incomplete 
sonication and some loss of signal in the wings of the peak [25]. 

The missing signal is from the protons on methylene groups whose mobility 
is decreased by contact with the sterol. These amount to only 12 ~ in the case of 
androstanol, but to 30 ~ with cholesterol. This difference is consistent with other 
reports [23, 26] which indicate that the condensation of lecithin by androstanol is 
less than that by cholesterol. The difference of a factor of 2.5 in the amount of broad- 
ened N MR signal can only be due to the effect of the branched cholesterol side chain, 
which is effectively six carbons long; it substantiates the earlier finding [4] that the 
side chain is rigid. If the length of the sterol nucleus in contact with the lecithin hy- 
drocarbon chains is equivalent to x methylenes, and we assume that the stoichiometry 
of interaction is the same for each sterol and that every affected lecithin methylene 
gives a resonance too broad to be observed by our measurement [4], then* x / ( x + 6 )  ---- 
12/30. Thus x ---- 4; this is in complete agreement with our original estimate [3, 4] 
for the relative positions of the two molecules, arrived at by completely different 
measurements. 

Stoichiometry 
The above NMR results with codispersions containing 2 : 1 mole ratios of  

lecithin-sterol cast light on the problem of the stoichiometry of the cholesterol-rich 
regions in non-equimolar mixtures of lecithin and cholesterol. Thus, the missing 
signal from protons on methylene groups whose mobility is decreased by contact 
with the sterol is a function of both (a) the relative positions of the molecules in the 
plane of their long axes (see above), and (b) the number of lecithin molecules affected 
by each cholesterol molecule (i.e. the stoichiometry of interaction). If each sterol 
molecule interacts with and immobilises n lecithin chains, then the fraction of lecithin 
chain NMR  signal lost ~- ny/(total number of lecithin methylene groups per sterol 

* This approximate calculation ignores the fact that 10 ~ of the chain carbons interacting with 
cholesterol are likely to be -CH= rather than -CHz-. 
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molecule) where the length of the sterol molecule in contact with the lecithin hydro- 
carbon chains is equivalent to y methylenes. The total number of lecithin methylene 
groups present per sterol molecule is about 62 (for N MR purposes, CI-I 3 = 1.5 CH2), 
plus f o u r - C H  = groups which are not included in the integrated signal. For andro- 
stanol, y = 4 as found above; for cholesterol, y = 1 0 -  (average number o f - C H =  
groups per chain) = 9. Thus for androstanol, 4n/62 = 0.12: n = 1.9. For  cholesterol, 
9n/62 = 0.3: n = 2.1. Thus n -- 2.0±0.1. Since each lecithin molecule has two chains, 
the stoichiometry of the interaction is n/2 : 1, i.e. equimolar. This stoichiometry is 
entirely consistent with the lecithin-cholesterol-water phase diagram because when 
C < 60 ~ (w/w), crystalline cholesterol separates if the cholesterol/lecithin ratio is 
increased above 1 : 1 (refs 18 and 19). This fact has been overlooked by Shimshick 
and McConnell [13] who detected clustering by spin-label studies, but claimed that 
there was no evidence for the clustering being due to separation of stoichiometric 
complexes. 

Measurements such as the above, which look mainly at the properties of in- 
dividual molecules, show unambiguously that the interaction stoichiometry is 1 : 1. 
However, measurements which rely on the cooperative properties of  assemblies of  
uncomplexed lecithin molecules have given results which have sometimes been inter- 
preted in terms of a 2 : 1 stoichiometry [12, 17]. This discrepancy originates from the 
facts that lecithin-cholesterol bilayers contain two phases* (one being the free lecithin 
clusters and the other the regions of complex), and that the cooperativity of  lecithin 
molecular motions varies with complex concentration (see below). This will now be 
discussed further. 

The term "cooperativity" is normally applied to a transition (e.g. melting, 
helix --* coil [35 ]), and is generally described by the number of  molecules (n) acting in 
concert, i.e. by the size of the cooperative unit. We wish to describe the cooperativity 
not only of the lecithin gel-to-liquid-crystal transition, but also of the segmental 
motions of neighbouring lecithin molecules above and below the transition. In this 
case the transition enthalpy (AH) also provides useful information, because it measures 
how efficiently packing is maintained in the two phases. As an example, the average 
measured A H  would be reduced by the presence of a number of  uncomplexed mol- 
ecules which were badly packed, and which could only undergo non-cooperative 
motions and therefore not undergo the transition. 

The temperature range over which the calorimetric transition occurs, AT, 
is related to both n and AH, since it is inversely dependent [17] on the van 't Hoff  
heat, which itself is the product o fn  and AH. Thus 

(AT) -1 ¢c n" AH (1) 

The derivation of  Eqn 1 assumes that the transition behaves like normal melting 
transitions, in that it is a cooperative two-state phenomenon. Then (d T) -  ~ is a con- 
venient measure of the cooperativity for our purpose. It is important to note that the 
interpretation of  Eqn 1 is different for one- and two-phase systems. Thus for pure 
lecithin bilayers where there is no clustering or lateral phase separation, A H  = AH', 
the transition enthalpy per mole of total lecithin. On this basis, for pure lecithin in 
dilute dispersions n ~ 10  2 (refs 27 and 28). In an ideal lattice n would be infinite 

* A small amount of miscibility of the two phases is not ruled out by the experimental data. 
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Fig. 1. The variation with composition of the cooperativity of the gel-to-liquid-crystal transition in 
mixed dipalmitoyllecithin-cholesterol bilayers. The relative widths of the transition (zJTreL) were 
obtained by smoothing published data [17, 18] and from some unpublished measurements of ours by 
normalising with respect to AT for pure dipalmitoyllecithin bilayers. (AT)-1 is a measure of the 
cooperativity of the transition, as explained in the text. The exact form of the curve in the dashed 
region is dependent on sample history. 

but this is reduced in real systems by the presence of dislocations, caused by impurities 
and lattice vacancies. However because of clustering, the lecithin-cholesterol mixed 
bilayer is a two phase system; in this case there is an added complication in the applica- 
tion of Eqn 1. Complexed lecithin molecules cannot undergo the gel-to-liquid- 
crystal transition and therefore A H  has to be per mole of uncomplexed lecithin (the 
mid-point of the transition of the uncomplexed lecithin occurs at the usual tem- 
perature, To); i.e. A H  ~ AH'.  A H  cannot be calculated without knowledge of the 
stoichiometry of the lecithin-cholesterol association. 

Fig. 1 shows a plot of  (AT) -1 as a function of composition for mixed dipal- 
mitoyl lecithin--cholesterol bilayers. From 0-15 mole ~ cholesterol, n and A H  are 
constant and the only effect of cholesterol is to remove lecithin to form regions of 
1 : 1 complex. The reduction in cooperativity when the cholesterol concentration 
is greater than approximately 15mole ~ indicates a steady change, with 
composition, of the properties of the lecithin clusters and thus a reduction of either 
n or AH, or both. From Eqn 1 and using AH'  to calculate the A H  expected 
on the basis of a 1 : 1 interaction, it can be shown that both n and A H  
decrease from the values expected for pure lecithin. The reduction in n with in- 
creasing cholesterol suggests that eventually the cluster size becomes less than that of 
the original cooperative units. The reduction in A H  occurs because the interaction 
energy between neighbouring lecithin molecules in the gel phase is reduced if the 
motions cannot be completely cooperative, as is the case when the clusters become 
smaller. A further cause of the reduction in average A H  per molecule of uncom- 
plexed lecithin is that the clusters are surrounded by a border of lecithin molecules 
(Fig. 2), which cannot undergo the same cooperative motions as molecules inside the 
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clusters. This is because they are juxtaposed with rigid lecithin-cholesterol com- 
plexes. These boundary molecules are fairly mobile, since they are not directly as- 
sociated with cholesterol molecules; however they will have a much smaller (possibly 
zero) gel-to-liquid-crystal transition enthalpy, and will in any case melt over a wide 
temperature range. There may also be a few uncomplexed lecithin molecules within 
the complex regions, behaving in the same way as those at the borders. Another paper 
(Finer, E. G. and Phillips, M. C., unpublished) will discuss the relative importance of 
the effects of the boundary molecules, and of changes in the cooperativity of  molecules 
inside the clusters, on the reduction in average AH. 

Fig. 2. Schematic representation of the structure of a mixed lecithin-cholesterol bilayer which 
contains less than equimolar amounts of cholesterol. The three different environments of lecithin 
molecules are shown. The clusters of free lecithin are of the order of 102 A in diameter at high cho- 
lesterol concentrations. 

The number of  clusters and distribution of cluster sizes in a bilayer such as is 
shown in Fig. 2 will depend on the history of  the sample under examination, especially 
when the sample is stored at T < To. Even pure phospholipid systems undergo slow 
structural reorganizations under these conditions [37]. This explains why irrepro- 
ducible results have been obtained even with the most careful measurements [17, 18] 
on chemically well-defined systems. 

We can now see how the complexity of  this system can lead to difficulties in 
the interpretation of plots of  the composition dependence of parameters such as the 
gel-to-liquid-crystal transition enthalpy [17, 18] and the intensity of wide-angle 
X-ray-diffraction patterns [12]. Such plots depend not only on the amount of  un- 
complexed material but on the cooperativity of  its motions and packing. Fig. 1 
shows that the cooperativity extrapolates to zero for bilayers containing about a 
2 : 1 molar ratio (i.e. 33 mole ~ cholesterol, see dotted line in Fig. 1). Therefore any 
plot dependent on cooperativity will be the same and extrapolations of  such data 
do not provide evidence for a 2 : 1 complex (cf. ref. 13). 
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Dynamics 
The cholesterol-rich regions in Fig. 2 consist of 1 : 1 complex packed in the 

same fashion as that described above for homogeneous equimolar lecithin-cholesterol 
bilayers. These regions have a state of segmental fluidity which is, taking the average 
along the lecithin chain, intermediate between lecithin gel and liquid-crystalline 
phases [4]. The rate of lateral diffusion of lecithin molecules in these regions is de- 
creased by a factor of 1.5-2.0 as compared to pure, liquid-crystalline lecithin bi- 
layers [29]. In the latter, effective pairwise exchange of neighbouring molecules 
occurs with a frequency of the order of 10 7 S-1. Since diffusion coefficients are in- 
versely proportional to molecular size, assuming constant lateral viscosity [36], the 
diffusing unit in the mixed bilayer is probably the 1 " 1 lecithin-cholesterol complex. 
The lifetime of the 1 : 1 complex is particularly important and we need to know the 
frequency of exchange of lecithin molecules from the regions of complex into the 
boundary layers. A lower limit to the residence time of lecithin in a region of complex 
was deduced [4] from NMR data by assuming that the slight broadening of the methy- 
lene resonance from the free lecithin in a 2 : 1 codispersion was caused only by ex- 
change with the complexed lecithin; this analysis indicated that the lifetime of lecithin 
in the regions of complex in egg yolk lecithin-cholesterol bilayers at 20 °C is at /east  
30 ms (refs 3 and 4). This means that a complexed lecithin molecule changes position 
at least 105 times before it passes across a boundary into the region of free lecithin. 
Although we do not have any direct evidence, it is probable that dissociation of the 
complex and exchange of lecithin molecules between regions of complex and free 
lecithin coincide. 

Although the NMR experiments indicate a complex which is long-lived in 
terms of the timescale of molecular motions (10-9 s), the relative rates of exchange of 
lecithin and cholesterol between bilayers indicate that the association is short-lived 
on the timescale of laboratory experiments (min-h). Thus cholesterol molecules can 
exchange readily between lecithin- and cholesterol-containing bilayers [30], whereas 
an exchange protein [31, 32] is required for rapid exchange of lecithin molecules. 
Since the exchange rates in the absence of protein are different, the lifetime of the 
complex (Zcomp~ex) must be less than the time required for cholesterol exchange. 
This time is of the order of tens of minutes [33] which at first sight appears incon- 
sistent with the idea of a complex. However the following approximate calculation 
shows that Tcomple x "~ 10 min is consistent with the energetics likely to be involved in 
this type of system. 

A rough value of the upper limit to the lifetime of the 1 • 1 lecithin-cholesterol 
complex can be derived from the possible differences between the interaction enthalpies 
of lecithin-cholesterol in the complex, and lecithin-lecithin in a pure lecithin bilayer. 
We assume that the dissociation of the complex and of pairs of lecithin nearest 
neighbours follow a reaction pathway which contains no energy maximum corre- 
sponding to an activated complex, i.e. that the activation energy equals the enthalpy 
difference between "reactants" and "products". We further assume that the entropies 
of dissociation of a complex, and of a pair of lecithin neighbours, are roughly equal. 
Then 

Teomplex/~'leeithin ~ exp (AE/kT) (2) 

where the lifetime Zl~ithln = 10-7S for bilayers [29] at a temperature T >  T~, 
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and  AE is the  e n t h a l p y  di f ference be tween  the  c o m p l e x  a n d  a pa i r  o f  l ec i th in  ne igh-  

bou r s  ( >  0 i f  the  c o m p l e x  is m o r e  stable) .  A r ea sonab l e  u p p e r  l imi t  fo r  AE is 10 

k c a l / m o l e ;  t hen  Zcompte~ < a b o u t  2 s. "[he l ower  l imi t  o f  30 ms  fo r  Z~omp~e~, f o u n d  f r o m  

N M R  studies  [4], i f  i t  is a s sumed  tha t  no  r ap id  exchange  o f  pa r tne r s  occurs  wi th in  

r eg ions  o f  complex ,  c o r r e s p o n d s  to  AE ---- 8 kca l /mo le ,  i.e. a f igure g rea te r  t h a n  the  
app rox .  10 k T  needed  to  def ine  a r e a s o n a b l y  s table  complex .  Overa l l ,  we can  set  

the  l imits  10 -2  s < "Ccomple x < 10 s. 
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