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We have investigated by 2H-NMR the effects of the incorporation of cholesterol on the orientational order 
of unsaturated lipid acyl chains in the membranes of Acholeplasma laidlawii B. This is the only 2H-NMR 
study to date of the influence of cholesterol in a biological membrane using specifically labelled fatty acids. 
We observed the characteristic condensing effect of cholesterol on the lipid acyl chain order in the liquid 
crystalline phase. In terms of the percentage increase in the quadrupolar splittings, the presence of 
cholesterol has its greatest effect on the methyl end of the labelled oleoyl chains, with a maximum at the C-14 
segment. In absolute terms, the perturbation is greatest in the carboxyl end of the chains. The temperature 
dependence of the 2H spectra for the cholesterol-containing membranes is very similar to that for the 
cholesterol-free membranes. The broad phase transition of the membrane lipids, which is characteristic for 
the samples lacking cholesterol, is apparently little affected by the presence of up to 27 mol% cholesterol. In 
addition, the temperature of onset of the phase transition is not significantly depressed by the presence of 
cholesterol. 

Introduction 

Since cholesterol is a major component of many 
biomembranes, the understanding of its interac- 
tion with other membrane components is essential 
for a complete description of the hydrophobic 
environment in which various membrane processes 
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occur [1,2]. One important aspect of this problem 
is the effect cholesterol has on the structure and 
dynamics of the lipid bilayer. Mixtures of 
cholesterol and phospholipids in model systems 
have been widely studied using a variety of physi- 
cal techniques, including differential scanning 
calorimetry (DSC) and differential thermal analy- 
sis (DTA) [3-5], freeze-fracture electron micros- 
copy [6-8], X-ray and neutron diffraction [9-11], 
fluorescence [ 12-14], Raman [ 15,16], electron spin 
resonance (ESR) [17,18] and nuclear magnetic res- 
onance (NMR) [19-23] spectroscopy, and dielec- 
tric relaxation measurements [24,25]. 

In spite of the large number of investigations, a 
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clear picture of the cholesterol-lipid interaction 
has yet to be formulated. At present, it is still 
uncertain whether cholesterol forms specific com- 
plexes with a number of lipid molecules [9,26-28] 
or is randomly distributed throughout the lipid 
bilayer [29]. However, there are a number of well 
defined physical changes which occur upon incor- 
poration of  cholesterol into model membrane sys- 
tems. The gel to liquid crystal phase transition is 
broadened and the heat absorbed at the transition 
decreases [4,9]. Monolayer studies [30,31] show 
that mixing of phosphatidylcholine with cholesterol 
above the phase transition results in a decrease in 
the mean cross-sectional area per molecule within 
the bilayer. This effect can be understood in terms 
of a decrease in the flexibility of the acyl chains of 
the lipid due to the influence of cholesterol on the 
trans-gauche isomerization of the methylene groups 
[30]. In lipid bilayers, NMR [19,20,29] and ESR 
[16,17] studies have shown that cholesterol inter- 
acts with the fatty acyl chains above the gel to 
liquid crystal phase transition to inhibit chain 
flexibility. Below the transition temperature NMR 
and ESR measurements of the acyl chain order 
parameters show that the presence of cholesterol 
inhibits the cooperative crystallization of the hy- 
drocarbon chains. Deuterium NMR, in particular, 
has shown that in equimolar mixtures of cholesterol 
and DPPC [19,22] or DMPC [23,29] there is a 
continuous increase in the quadrupolar splittings 
with decreasing temperature, in contrast to the 
results for samples without cholesterol where there 
is a sharp discontinuity in the splittings at the 
phase transition temperature. By disordering the 
chain packing at low temperature and reducing the 
chain flexibility at high temperatures, cholesterol 
creates a so-called 'intermediate fluid condition' 
[32]. 

In a well defined model membrane system, such 
as DPPC-cholesterol, the observed physical be- 
haviour will best be described in terms of a phase 
diagram [7]. While a complete phase diagram is 
not presently available, a number of research 
groups are working on this problem (Ref. 7, and 
S6derman, O. and Wennerstri3m, H., personal 
communication, for example). However, the het- 
erogeneity inherent in a biological membrane will 
probably preclude any discussion of the 
cholesterol-lipid interaction in terms of distinct 

phases. On the other hand, it is important that the 
influence of cholesterol on biological membranes 
be compared with the behaviour observed in the 
model systems consisting of phospholipid- 
cholesterol mixtures. 

Acholeplasma laidlawii B, a prokaryote of the 
class mollicutes, provides a unique opportunity to 
study the influence of cholesterol on membrane 
structure and function [33]. The organism is struct- 

urally very simple, having no cell wall and no 
internal membrane systems. The plasma mem- 
brane can therefore be easily isolated in large 
quantities without contamination by other mem- 
branes. While A. laidlawii does not require 
cholesterol for growth, if cholesterol is present in 
the growth medium it will be incorporated into the 
cell membrane. Furthermore, A. laidlawii readily 
incorporates exogenous deuterium-labelled fatty 
acids into its membrane lipids. It has been demon- 
strated that 2H-NMR of specifically-deuterated 
lipids provides a non-perturbing probe of the 
molecular structure and dynamics within mem- 
brane [34,35]. Detailed studies on the A. laidlawii 
system [36,37] have shown that there is a remarka- 
ble similarity between the 2H-NMR results for 
model and biological membranes. In particular, 
the order parameter profiles observed for A. laid- 
lawii membranes containing selectively-deuterated 
palmitic and oleic acid closely resemble those ob- 
tained in phospholipid dispersions [38,39]. DTA 
[40], X-ray diffraction [41], and 2H-NMR [42] 
have shown that the membrane lipids of A. laid- 
lawii undergo a relatively well defined gel to liquid 
crystal phase transition similar to those observed 
in model systems. A. laidlawii grown in the pres- 
ence of a high concentration of cholesterol incor- 
porates as much as 10% by weight of the mem- 
brane lipid. With the addition of cholesterol there 
is a substantial decrease in the area under the 
endothermic peak as observed by DSC [43]. In a 
recent study the spectra of perdeuterated palmitoyl 
chains incorporated biosynthetically into the A. 
laidlawii membrane were observed with and 
without cholesterol [44]. The addition of cholesterol 
removed the phase transition. While the order- 
parameter profile in the liquid crystalline phase 
region maintains its general shape, the cholesterol- 
containing membranes have a higher average order. 
In the original gel phase region, the addition of 
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cholesterol causes rather dramatic changes in the 
2 H spectra, suggestive of complex motional and/or  
phase behaviour [44]. 

The purpose of the present study is to char- 
acterize further the influence of cholesterol on the 
structure and dynamics of the lipids in a biological 
membrane, namely the plasma membrane of A. 
laidlawii B. In particular, the influence of 
cholesterol on acyl chains containing a cis- 
unsaturated bond is investigated using 2H-NMR. 
In a previous study [37] the orientational order of 
oleic acid-enriched membrane lipids in cholesterol- 
free A. laidlawii was characterized and thus a 
direct comparison can be made between 2H-NMR 
results for membranes with and without 
cholesterol. 

Materials and methods 

Specifically-dideuterated oleic acids ([5-2H2] -, 
[9,10-2H2]-, [14-2H2]oleic acid) and [18-2H3]oleic 
acid [45,46] were incorporated biosynthetically into 
the membranes of A. laidlawii as described previ- 
ously [47]. The growth medium was enriched with 
the appropriate specifically-deuterated oleic acid 
(20 mg/1) and with cholesterol (approx. 20 mg/l). 
The acyl chain distribution and the exact 
cholesterol content, as determined by gas chro- 
matography, are given in Table I. The NMR sam- 
ples consisted of approx. 200 mg of freeze-dried 
membrane, hydrated with deuterium-depleted 
water (Aldrich Chemical Co., Milwaukee, WI) in a 
weight ratio of about 1:1.2. The samples were 
mixed by centrifugation through a constriction, 
then sealed in glass ampoules. 

The 2H-NMR spectra were obtained at 41.3 
MHz using a home-built spectrometer [48] and the 
modified quadrupolar echo pulse sequence [37]. 
The ~r/2 pulses were 5-6 #s in length and the 
spacing between the two ~r/2 pulses was 50-60 ps. 
The frequency of the spectrometer was set to the 
center of the symmetric quadrupolar powder pat- 
tern. All of the spectra were obtained using 
quadrature detection, but in order to improve the 
signal-to-noise ratio by a factor of v~-, the spectra 
for the (5-2H2) and (14-2H2) labels were folded so 
that the two halves were superimposed. 

The quadrupolar echo technique effectively 
eliminates spectral distortion due to the finite re- 

covery time of the radiofrequency (rf) receiver. For 
the rf field strengths used in the present experi- 
ments (as monitored by the 90 ° pulse lengths), the 
influence of the quadrupolar interaction during 
the rf pulses leads to another distortion, char- 
acterized by reduced intensity in the wings of some 
of the broader spectra. No corrections were made 
for this effect, as its only significant consequence 
here is the underestimation of the second moments 
for the lower temperatures in Fig. 5, which does 
not affect the qualitative analysis given. 

Results 

Liquid crystalline phase spectra 
The NMR spectra of the various deuterium- 

labelled A. laidlawii membrane samples grown with 
and without cholesterol are shown in Fig. 1. The 
spectra were obtained at a temperature of 25°C, 
where all of the membrane lipids are in the liquid 
crystalline state. The most obvious change in the 
spectra upon the incorporation of cholesterol is 
the increased width of the quadrupolar powder 
patterns. The separation of the peaks in the spec- 
tra, AVQ, is shown as a function of temperature in 
the liquid crystalline phase in Fig. 2; the data for 
the samples without cholesterol were presented 
earlier in Ref. 37. Rather than using the actual 
peak maxima to obtain the A~,Q values, the separa- 
tion of the points which lie about 85% of the way 
up the outside of the peaks (as measured from the 
baseline) was determined. Simulation studies (un- 
published) have shown that the latter criterion for 
measuring 3VQ yields a more accurate value when 
significant line-broadening is present in the spec- 
tra. The addition of cholesterol results in an in- 
crease in A~,Q at each position studied on the 
oleoyl chains, and at each temperature. The 
quadrupole splittings, and hence the degrees of 
molecular ordering, decrease with increasing tem- 
perature in a roughly linear fashion. Due to differ- 
ing cholesterol levels in the various samples 
(Table I), a direct comparison of the effect of the 
cholesterol at the different labelled positions can- 
not be made. It is possible, however, to normalize 
the data to a uniform cholesterol level. In Table II 
the Apo values at 25°C for samples with and 
without cholesterol are listed. The percentage in- 
crease resulting from the addition of cholesterol is 
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Fig. 1. Comparison of Z H spectra for A. laidlawii membranes  
with and without cholesterol, at 25°C. The oleoyl chains are 
deuterated at the positions indicated. The spectra on the left 
are for the samples lacking cholesterol; those on the right are 
for membranes  containing 15-27 mol% cholesterol. Typical 
experimental parameters are a pulse spacing of 50 i~s, a pulse 
length of 6 i~s, a 0.2 s recycle time ( 1.5 s for the methyl sample), 
and 64000 scans. 
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Fig. 2. Temperature dependence of the quadrupolar splittings 
for the specifically deuterated oleoyl chains in the A. laidlawii 
membranes.  The solid symbols represent the data for the 
membranes  containing cholesterol, the open symbols for the 
corresponding samples lacking cholesterol• The estimated error 
is indicated by the size of the symbols• 

given in column four. To take into account the 
differing amounts of cholesterol, the percentage 
increases in AVQ were divided by the cholesterol 
concentrat ion to obtain the percentage 
increase/mol% cholesterol, which is listed in the 
last column of Table II. The justification for this 

TABLE I 

FATTY ACID A N D  CHOLESTEROL COMPOSITION OF THE TOTAL M E M B R A N E  LIPIDS OF ACHOLEPI .ASMA 
LAIDLA WII  B G R O W N  ON SPECIFICALLY-DEUTERATED OLEIC ACID A N D  CHOLESTEROL AT 37°C 

Carbon atom Mol% Mol% fatty acid 
labelled cholesterol 

12:0 14:0 16:0 18:0 18:1 Other 

5 27 1.9 5.5 21.2 1.9 64.6 4.9 
9,10 24 - 4.0 18.6 2.5 73.3 1.6 

14 17 1.8 5.1 27.2 3.1 60.8 2.0 
18 15 0.9 4.0 19.0 - 71.3 4.8 

TABLE II 

C H A N G E  IN THE Q U A D R U P O L A R  SPLITTING D U E  TO THE ADDITION OF C H O L E S T E R O L  

Carbon atom AIJQ (kHz) Increase % Increase 
labelled (kHz) 

With Without 

% Increase per 
mol% cholesterol 

5 30.8 26,0 4.8 19 0.7 
9 17.5 14,7 2.8 19 0.8 

10 5.3 4,4 0.9 21 0.9 
14 16.5 12.4 4.1 33 1.9 
18 3.1 2•7 0.4 15 1.0 



final step lies in the observations on model sys- 
tems [20,22,29] that a plot of quadrupole splitting, 
A;,Q, as a function of cholesterol content is ap- 
proximately linear, at least up to 30 tool% 
cholesterol. A comparison of the entries in the last 
column of Table II  shows that cholesterol causes 
the greatest relative perturbation in the C-14 posi- 
tion and the least in the plateau region at position 
0 5 .  On the other hand, in terms of absolute 
changes, the greatest effect is seen at the C-5 
position. 

As well as increasing the quadrupolar splittings, 
the addition of cholesterol c a u s e s  mpQ tO have a 
greater temperature dependence, as shown in 
Fig. 2. The temperature  coefficients of the 
quadrupolar  splittings are given in Table III .  These 
coefficients represent the slopes of the lines which 
best fit the data above 10°C in Fig. 2. At each 
carbon position measured, cholesterol causes an 
increase in the temperature coefficient. 

The phase transition region 

In view of the interesting results that have been 
observed at the gel to liquid crystal phase transi- 
tion upon the addition of cholesterol, an investiga- 
tion of the low temperature behaviour of the oleate 
-labelled A. laidlawii membranes  containing 
cholesterol was carried out. These results are to be 
compared  with those for samples  lacking 
cholesterol [37]. The spectra shown in Fig. 3 are 
for the C-14 position, and those shown in Fig. 4 
are for the C-18 position. Above 5°C the spectra 

TABLE II1 

THE INFLUENCE OF CHOLESTEROL ON THE TEM- 
PERATURE DEPENDENCE OF THE QUADRUPOLAR 
SPLITTING 

Carbon atom 
labelled 

Temperature coefficient of A~,Q 
(kHz/K) ( × 100) 

with without 
cholesterol cholesterol 

5 26.0 15.4 
9 15.1 8.8 

10 8.2 6.9 
14 20.7 12.7 
18 5.4 4.3 
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Fig. 3. Temperature dependence of the spectra for the (14-2H2) 
-labelled oleoyl chains in A. laidlawii membranes containing 17 
mol% cholesterol. Spectra were acquired with 64000 scans, a 
0.17 s recycle time, a 50 #g pulse spacing, and a 5 #s pulse 
length. 

are characteristic of the liquid crystalline phase. 
Below this temperature there is a marked increase 
in the intensity of the wings of the spectra, signal- 
ling the transition to the gel phase. The intensity in 
the wings of the spectrum continues to increase as 
the temperature decreases. The spectra shown in 
Figs. 3 and 4 are similar to those observed for the 
[ 12 -2 H 2 ]oleate-labelled sample without cholesterol, 
presented in Fig. 6 of Ref. 37. 

The second moment  of the 2H-NMR spectra, 
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Fig. 4. Temperature dependence of the spectra for the methyl- 
labelled oleoyl chains in membranes of A. laidlawii containing 
15 tool% cholesterol. The spectra were acquired with 8000 
scans, a 1.4 s recycle time, a 55 #s pulse spacing, and 5/~s pulse 
lengths. 
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defined by the equation 

M2 = foWmw2F(w) dw/ foWmF(w) dw (1) 

is a useful parameter when trying to quantify the 
width of the quadrupole spectrum, especially when 
the peaks in the spectrum are not well defined. In 
Eqn. 1, F(w) is the spectral lineshape function, 
with w= 0 corresponding to the center of the 
symmetric powder pattern and w m is the cutoff 
frequency beyond which there is only noise. Fig. 5 
shows the variation in M 2 with temperature for 
samples with and without cholesterol. The mo- 
ments for the (14-2H2)- and (18-2Ha)-labelled 
samples with cholesterol are presented along with 
the data from Ref. 37 for the (12-2HE)-labelled 
sample lacking cholesterol. As a consequence of 
rapid rotation about the last carbon-carbon bond, 
the quadrupole splitting for the methyl group is 
reduced by a factor of 3, and thus the second 
moment by a factor of 9, from that for a compara- 
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Fig. 5. Temperature dependence of the second moments for the 
2 H-labelled oleoyl chains in the A. laidlawii membranes. (O), 
[14-2H2]+17 mol% cholesterol. (A), [18-2H3]+15 mol% 
cholesterol. (F]), [12.2H2] with no cholesterol. The data for the 
methyl position were multiplied by a factor of 9 for compari- 
son. 

ble methylene group [34,39]. Therefore, for the 
purposes of comparison, the data for the methyl 
group label were multiplied by a factor of 9 for 
presentation in Fig. 5. It is apparent from Fig. 5 
that the incorporation of cholesterol into the A. 
laidlawii membranes, at least to the level of 17 
mol%, causes no gross changes in the width or 
position of the phase transition. 

Discussion 

Molecular motion in the liquid crystal phase and the 
influence of cholesterol 

Any molecular motion will reduce the measured 
quadrupolar splitting ApQ from its rigid lattice 
value of 126 kHz. The measured A~,Q can be ex- 
pressed in terms of the C-2H bond order parame- 
ter [34], 

4 ( e2qQ to 
mpQ =-~ h ] "CD (2) 

In the liquid crystalline state, the molecular pack- 
ing is sufficiently loose to allow rotational and 
translational motion of the molecule as a whole. 
Rapid rotation of the lipid molecules about the 
bilayer normal [34] reduces SCD from unity to the 
value (3cos2fl - 1)/2, where fl is the angle be- 
tween the C-2H bond and the bilayer normal. 
Tilting of the molecule with respect to the bilayer 
normal, and internal motions of the acyl chains 
resulting from trans-gauche isomerization, cause fl 
to be time-dependent, with the result that 

SCD = <(3  COS 2 f l ( t )  - -  1 ) / 2 >  (3) 

where the angular brackets represent the ap- 
propriate time average. The trans-gauche isomeri- 
zation gives rise to the fluid nature of the acyl 
chains characteristic of the liquid crystalline phase. 

.Statistical mechanical calculations performed by 
Mar~,elj/l [50], Schindler and Seelig [51 ], and more 
recently by Gruen [52] and Dill and Flory [53] 
have lead to a better understanding of the internal 
motions of the acyl chains. 

Due to the packing of the lipid molecules within 
the bilayer, there are severe constraints on the 
possible molecular conformations. The beginning 
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of the chain is confined by its attachment to the 
glycerol backbone of the lipid molecule. The 
plateau in the order parameter profile [34,35], a 
common feature of saturated acyl chains, is a 
direct consequence of the limitation of molecular 
motions by steric interaction between neighbour- 
ing chains. The steric hindrance results in the 
predominance of defect conformations which have 
the chains nearly parallel to the bilayer normal, 
such as the kink ( g ± tg + ) and jog ( g +- t t tg  ~ ). 

The studies carried out on chains having a cis 

double bond [37,39] have emphasized the fact that 
the observed quadrupolar splittings or order 
parameters depend on both the amplitudes of the 
various molecular motions and the average orien- 
tation of the C-2H bond. In the oleoyl chain the 
sharp decrease in the order parameter at the C-9,10 
double bond is primarily a geometric effect. 

Recently it has been pointed out [23,54] that 
rigid molecule tilting motions may also make a 
significant contribution to the observed order 
parameter. There are a number of mechanisms 
which could lead to a tilting of the molecule with 
respect to the bilayer normal. Each molecule act- 
ing independently could tilt as a rigid rod with 
respect to its neighbours. It would be expected 
that this motion would be of small amplitude and 
high frequency because of the steric hindrance 
involved with single particle motions. A mecha- 
nism requiring less energy is a cooperative tilting 
of many molecules, giving rise to an undulation 
mode in the bilayer [55]. The tilting motion of the 
molecules can be enhanced if there is an undula- 
tion wave pattern set up in the bilayer and the 
molecules are able to diffuse in the plane Of the 
bilayer [56]. 

The separation of the measured order parame- 
ter, obtained from Eqn. 3, into a part resulting 
from internal modes of motion and a part account- 
ing for motion of the molecule as a whole depends 
on a number of assumptions [57-59]. The reorien- 
tational motion of the molecule as a rigid unit 
must be independent of the configuration of the 
molecule. As well, there must be free rotational 
motion about the long axis of the molecule. The 
validity of these assumptions has yet to be ade- 
quately investigated by experiment, even in model 
membrane systems [60]. 

Proceeding in the manner previously suggested 

by Petersen and Chan [54], we rewrite Eqn. 3 as 

SC D = < 3 COS20t2 -- 1 ) (  3 cos2T2 -- 1 ) 

= S.Sv (4) 

where et is the instantaneous angle between the 
bilayer normal and the direction of the long axis 
of the molecule, and Y is the angle between the 
C-2H bond and the long axis of the molecule. The 
order parameter S~, which applies to motion of the 
molecule as a whole, is constant over all the seg- 
ments in the chain. S v is affected by t rans -gauche  

isomerizations, and will therefore be a function of 
the position along the acyl chain. 

One important question is whether the addition 
of cholesterol to the membrane influences S~, S v, 
or both S~ and S v simultaneously. If S~ alone is 
changed with the addition of cholesterol then the 
percentage increase in SCD should be constant over 
each position in the chain, since 

as o _ a sos4  _ a s .  

s .  
(5) 

The data listed in Table II show that the per- 
centage increase in SCD varies by about a factor of 
two over the various positions in the chain. The 
percentage increase seems to be largest near the 
center of the bilayer rather than in the plateau 
region. It must be concluded therefore that the 
observed changes in order parameter as a result of 
cholesterol addition do not come solely from 
changes in S,, the order parameter describing the 
motion of the molecule as a whole. 

Earlier results of Oldfield et al. [23] using selec- 
tively deuterated cholesterol in DMPC-water sys- 
tems were interpreted as evidence for rigid body 
motions in the bilayer. The order parameter for 
deuterium in the rigid ring structure of the 
cholesterol molecule, in the limit of small 
cholesterol concentrations, was less than the value 
of 0.5 expected for the case where there was only 
rotation about the long axis of the molecule. At 
high temperature (37°C above the phase transi- 
tion) higher concentrations of cholesterol lead to 
an increase in SCD, suggesting that cholesterol 
does in fact have an influence on the amplitude of 
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a rigid body motion. This evidence applies only to 
rigid body motions of cholesterol itself, and has no 
direct implication for the fatty acyl chains. 

In order that Eqn. 2 be valid, the correlation 
times describing the various possible molecular 
motions must be short compared to 1 /2  ~r( A VQ)ngid. 
In the critical region where ~'~ 1/2~rAVQ the usual 
powder pattern is not observed, and the splitting 
between the peaks is not a reliable experimental 
parameter [63]. Lipid-water systems which are 
gently mixed usually form multilamellar structures 
with a diameter of approx. 1.0/~m [61]. Assuming 
a diffusion constant (D)  of about 5 • 10 -8 cm 2. s 
[62], the correlation time rc for diffusion over the 
curved surfaces. 

r c = r2/4D (6) 

has the value 1.25. 10-2S.  Previous 31p results 
indicate that while such slow motions will have 
little effect on the quadrupole splittings of 2H 
spectra, they do influence the observed lineshapes. 
In the liquid crystalline phase the lineshapes ob- 
tained for the A. laidlawii membranes with and 
without cholesterol (see Fig. l) cannot be simu- 
lated by Lorentzian-broadened powder patterns. 
There are, however, reasonably well defined peaks 
in most of the spectra with splittings much less 
than the rigid lattice value of 126 kHz, indicating 
that there must be rotation about the long axis of 
the molecule and some trans-gauche isomerization 
taking place on a time scale fast compared to 
1/21r(AVQ)ri~d = 1.3" 10-6S.  " It should be noted 
that the spectra with the smallest quadrupole split- 
tings, namely the C-10 and C-18 positions, show 
the largest deviation from the ideal quadrupole 
powder pattern. The lineshapes for the C-10 and 
C-18 segments suggest the presence of molecular 
motion with a correlation time of the order of 
10-4s.  At the present time attempts are being 
made to simulate the 2H spectra using various 
models, in order to identify this motional mode. 

The main effect of cholesterol addition on the 
2H-NMR spectra is to cause an overall increase in 
the width of the power pattern, with little or no 
change in the lineshape. This suggests that the 
correlation time for the slow motion responsible 
for the lineshape is not significantly affected by 
the addition of cholesterol. It is also possible to 

conclude that the rotation of the molecule about 
the long axis remains relatively rapid, such that 
~'R << 1/2~r(AVQ)~ie, id- If this rotation were to be- 
come slow on the N MR time scale there would be 
a very dramatic increase, at least a factor of two, 
in the width of the spectra. 

The phase transition 
Due to the breadth of the gel to liquid crystal 

phase transition of the A. laidlawii membranes, as 
indicated by both 2H-NMR and DSC techniques, 
it is very difficult to measure small shifts in the 
temperature range of the transition due to 
cholesterol addition. However, our results show 
that there is certainly no significant change in this 
range. This observation is in contrast to the results 
of Davis et al. [44] in their study of the A. laidlawii 
membranes enriched with perdeuterated palmitic 
acid. Whereas we observed no significant decrease 
in the temperature at which gel phase lipid started 
to appear, and no qualitative differences in the 
appearance of the 2H spectra through the phase 
transition region between samples with and without 
cholesterol, Davis et al. [44] found that the onset 
of purely liquid crystalline phase spectra was de- 
pressed by about 20°C, and that the spectra of the 
sample containing cholesterol gave no indication 
of a clearly defined phase transition. The reason 
for the different results obtained in the two studies 
could be the dissimilar levels of cholesterol incor- 
poration; in our samples the highest concentration 
of cholesterol was 27 mol%, as opposed to the 39 
mol% present in the sample studied by Davis et al. 
[44]. However, we cannot presently rule out the 
possibility that the observed differences are due to 
different interactions of the cholesterol with mem- 
branes enriched with oleic and palmitic acids. For 
example, the ratio between the major lipids 
monoglucosyldiacylglycerol and diglucosyldia- 
cylglycerol is altered depending on the ratio of 
unsaturated to saturated fatty acids in the mem- 
branes of A. laidlawii A [64]. This compositional 
difference could conceivably affect the lipid- 
cholesterol interaction in the membranes by alter- 
ing the packing constraints of the molecules in the 
bilayers [64-66]. In order to facilitate the de- 
termination of the factors responsible for the dif- 
ferent results observed in our own study and that 
of Davis et al. [44], spectra should be obtained 



from samples of oleate- and palmitate-labelled A. 
laidlawii membranes with the same content of both 
fatty acids and the same concentration of 
cholesterol. Such studies are currently in progress. 
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