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Summary 

2H nuclear magnetic resonance (NMR) of Acholesplasma laidlawii mem- 
branes grown on a medium supplemented with perdeuterated palmitic acid 
shows that at 42°C or above, the membrane lipids are entirely in a fluid state, 
exhibiting the characteristic 'plateau' in the variation of deuterium quadru- 
polar splitting with chain position. Between 42 and 34°C there is a welNdefined 
gel-to-fluid phase transition encompassing the growth temperature of 37°C, 
and at lower temperatures the membranes are in a highly ordered gel state. The 
2H-NMR spectra of the gel phase membranes are similar to those of multi- 
lamellar dispersions of chain perdeuterated dipalmitoyl phosphatidylcholine 
(Davis, J.H. (1979) Biophys. J. 27, 339) as are the temperature dependences 
of the spectra and their moments. The incorporation of large amounts of 
cholesterol into the membrane removes the gel to fluid phase transition. 
Between 20 and 42°C, the position dependence of the orientational order of 
the hydrocarbon chains of the membranes is similar to that of the fluid phase 
of the membranes without cholesterol, i.e., they exhibit the plateau in the 
deuterium quadrupolar splittings. However, the cholesterol~ontaining mem- 
branes have a higher average order, with the increases in order being greater for 
positions near the carbonyl group of the acyl chains. Below 20°C the 2H spectra 
of the membranes containing cholesterol change dramatically in a fashion 
suggestive of complex motional and/or phase behaviour. 

Abbreviation: DPPC, dipalmitoyl  phosphatidylchoUne. 
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Introduct ion 

Acholeplasma laidlawii readily incorporates exogenous deuterium-labelled 
fat ty  acids into its membrane lipids. The cells can be grown in either the 
presence or absence of  cholesterol in the growth medium. If cholesterol is 
present it is incorporated into the membranes. Since A. laidlawii has only a single 
plasma membrane,  relatively homogeneous membrane preparations can be 
obtained. 

It has recently been demonstrated,  using 2H-NMR of specifically deuterated 
membranes,  that A. laidlawii membranes in the fluid phase exhibit a hydro- 
carbon chain flexibility gradient [1] similar to that of phospholipid multi- 
lamellar dispersions [2--4].  Further 2H-NMR studies of  Escherichia coli [5,6] 
and A. laidlawii [7] have s h o ~  that even at lower temperatures,  where the 
membranes are in a gel state, there is a close correspondence between the 2H- 
NMR spectra of  the model  [8] and the biological membranes.  

The membrane lipids of  E. coli [5,6,9--11] and A. laidlawii [7,12--14] 
undergo relatively well-defined fluid-to-gel phase transitions. Membranes which 
have a high cholesterol content ,  such as erythrocyte  ghosts or A. laidlawii 
grown in the presence of  a high concentration of  cholesterol, do not  exhibit 
this phase transition [15--17].  In differential scanning calorimetry studies of 
model  systems with varying concentrations of cholesterol, the area under the 
endothermic peak at the phase transition decreases with increasing cholesterol 
content  until, for example, with equimolar mixtures of  dipalmitoyl phos- 
phatidylcholine (DPPC) and cholesterol, no transition is observed [18,19].  
There is evidence that cholesterol interacts preferentially with certain classes 
of  phospholipids [19].  Electron spin resonance [20,31] and NMR studies 
[21,22] have indicated that the incorporation of cholesterol into model 
systems greatly increases the degree of  order at temperatures above the phase 
transition. 

What role the details of  membrane fluidity (or order) play in the biological 
function of  membranes {enzymatic functions in particular) is still not  firmly 
established [23,24].  Recently,  the rate of ATP hydrolysis by the membrane- 
bound ATPase of  A. laidlawii has been reported to depend critically on the 
phase behaviour of  the membrane lipids, dropping rapidly as significant 
amounts of gel-phase lipid form [25].  The recent improvements in the use of  
2H-NMR to measure the variation of  membrane order with temperature [5--8] 
permit a more quantitative comparison of  membrane order and phase behav- 
iour with membrane function. 

Obtaining the most  accurate description of  bilayer order by 2H-NMR 
requires the use of  specifically~leuterated samples [1--3].  However,  it has been 
demonstrated on both model  [8,21,26] and biological [5,6] membranes that  
completely deuterated samples provide much of  the same information in a far 
shorter time. Even the shape of  the fluid phase bilayer flexibility gradient can 
be obtained from the deuterium spectrum of a single perdeuterated sample 
[26].  

The quadrupolar echo technique [27] allows one to obtain essentially 
distortion-free deuterium spectra even at low temperatures where the spectra 
are very broad [8]. The analysis of  these spectra in terms of  their moments  [8] 
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has made it possible to determine the variation of  chain order with temperature 
[5--8].  Using these techniques we compare the temperature dependence of  the 
deuterium spectra of  A. laidlawii, grown with and without  cholesterol, with 
previously reported measurements on di-(perdeutero)-palmitoyl phosphatidyl- 
choline (chain-perdeuterated DPPC) [8,26].  

Materials and Methods 

Perdeuteropalmitic acid (95% 2H) from Larodan Lipids, MalmS, Sweden was 
biosynthetically incorporated into the membrane of  A. laidlawii as described 
previously [28]. The growth medium of  the preparation containing cholesterol 
was enriched with 20 mg of  perdeuterated palmitic acid per liter and 15 mg of 
cholesterol per liter. The acyl chain composit ion,  in mol%, was determined by 
gas-liquid chromatography (GLC) (as described in Refs. 3 and 28); for the sam- 
ple wi thout  cholesterol, 12 : 0 = 7.0%, 14 : 0 = 26.2%, 14 : 1 = 2.0%, 16 : 0 = 
64.5%, and for the sample with 39% cholesterol (the molar concentration of  
cholesterol was determined by  GLC and is given as the percentage of  total lipid 
in the membrane) the acyl chain composit ion was 1 2 : 0  = 5.5%, 1 4 : 0  = 
22.2%, 14 : 1 = 3.2%, 16 : 0 = 68.8%. The NMR samples, which contained 
approx. 0.5 g of  lyophilized A. laidlawii membranes, had a volume of 1 ml and 
contained approx. 60--70% H20. Measurements on E. coli have determined 
that lyophilization of  the membranes has no effect on the 2H-NMR spectra 
[5].  The samples used for differential scanning calorimetry had the same 
composit ion as the NMR samples and weighed approx. 10 mg. 

The calorimetry was done on a Perkin-Elmer DSC-lb differential scanning 
calorimeter with a temperature scanning rate of  10 degrees/min. The temper- 
ature scale was calibrated by measuring the gel to fluid transition in fully 
hydrated dipalmitoyl phosphatidylcholine. 

The 2H-NMR spectra were taken at 34.4 MHz with a Bruker SXP 4-100 
pulsed spectrometer using the quadrupolar echo technique [27] with a pulse 
separation of  60 #s, and signal averaging for approx. 2 h. All spectra were 
recorded on resonance so that  the negative frequency half of  the symmetric 
spectrum is folded over on top  of  the positive frequency half on Fourier 
transformation. A spectral width of  250 kHz was used for all spectra. No 
filters were used in the data acquisition and no phase corrections were applied 
to the transformed spectra. Two Ir/2 pulses of  4.5-/~s length were used. When 
the spectrum covers a wide frequency range, the finite length of  the pulse 
leads to some distortion of  the wings of  the spectrum. This distortion causes 
a systematic error in the calculation of  the moments  of  the spectra. This error 
is negligible in the fluid phase but  is expected to lead to an underestimate of  
the second moment ,  M2, by approx. ~25% at 0°C [8] (Bloom, M., Davis, J.H. 
and Valic, M.I. unpublished results). 

The nth moment  of  the 2H-NMR spectrum is obtained by evaluating 

o$nl  ¢0 m 

M, = f dcoco"g(co)/ f dcog(co) (1) 
0 0 

where the Larmor frequency of  34.4 MHz is taken as co = 0, wm is the 
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frequency beyond which there is no signal and g(co) is the spectral lineshape 
function of the experimental spectrum. 

Results and Discussion 

2H-NMR spectra o f  the fluid phase 
Fig. 1 (a, b and c) shows three deuterium spectra of the membranes of 

A. laidlawii grown on the medium supplemented with perdeuteropalmitic acid. 
At 42°(], Fig. la ,  the membrane lipids are in the fluid phase. This is clearly 
demonstrated by the expansion of the baseline region which indicates that 
there is no gel phase component to the spectrum. This spectrum exhibits the 
square shape and sharp cut-off in intensity which is characteristic of the 
'plateau' in the variation of quadrupolar splitting with chain position found in 
a variety of model [8,29] and biological membranes [5,7,15]. The quadrupolar 
splitting (Au) of the sharp edges of this spectrum gives the plateau C-2H bond 
order parameter ISc2HIplatea u ~--0.23 (AV = (3e2qQ/4h)SC2H, where e2qQ/h = 
167 kHz, is the quadrupolar coupling constant). The orientional order param- 
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Fig. 1. 2H-NMR spec t ra  a t  34 .4  MHz of p e r d e u t e r o p a l m i t a t e  enr iched  A.  laidlawti m e m b r a n e s ;  3 0 0 0 0  
scans  at  4 scans/s.  (a) T = 42Oc,  the  ver t ical  scale  has  b e e n  increased  by  a f ac to r  of  S on  the r ight  h a n d  
s ide to  s h o w  the  sharp cu t -o f f  in in t ens i ty ;  (b)  T = 22°C~ and  (c) T = 0°C.  D, 2H. 



481 

eter Sc2H is defined by the relation 

SC2H = (½(3 COS 0C2 H -- 1)) (2) 

where 0C2H is the angle between the symmetry  axis of  the motion (here 
presumed to be the normal to the bilayer) and the C-:H bond vector, and the 
angular bracl~ets indicate an average over all motions which are faster than the 
inverse of  the quadrupolar interaction strength. 

While the order parameter SC2H certainly depends on the average static 
orientation of the C-2H bond vector (see e.g., Refs. 2 and 29) in the present 
case the values of  the order parameters are predominantly determined by the 
motional averaging. 

This value of  [Sc2Hlplatea u is very similar to those found for E. coli [5], 
DPPC [8] and with specifically deuterated palmitoyl chains in A. laidlawii 
membranes [1]. The only other identifiable sharp features of  this spectrum 
are the contribution from the methyl  groups, whose splitting gives ISc2HImethy 1 

0.019 and a small peak, due to the deuterons in the 15 position, whose 
splitting gives ISc2HI15 ~- 0.079 in agreement with the value obtained in the 
specific label studies [1]. The other positions on the lipid chains have a distri- 
bution of quadrupolar splittings or C-2H bonds order parameters whose values 
lie between the two extremes [1]. This distribution, which may be due to the 
heterogeneity of the membrane,  as well as to the variation of the quadrupolar 
splitting with chain position, results in the smooth shape of the spectrum, 
similar to that  observed for E. coli [5]. The overall form of  the spectrum 
observed for pure chain-perdeuterated DPPC/water is similar to that  shown in 
Fig. l a ,  but  for the model system some sharp, resolvable features are observed 
[8]. When dealing with biological membranes one can expect to find the type  
of  spectrum shown in Fig. la ,  and it is for the analysis of  such spectra that  the 
momen t  technique was developed. 

Moment analysis of  the 2H-NMR spectra 
The moments  of  the fluid phase deuterium quadrupolar powder pattern 

spectrum, defined by Eqn. 1, are simply and directly related to the moments  
of the distribution of  quadrupolar splittings (Refs. 8, 26 and Bloom, M., 
Davis, J.H. and Dahlquist, F.W., unpublished results). 

S, = J dSP(S) S n (3) 
o 

The Sn are the moments  of the order parameter distribution function P(S) 
where P(S)dS is the probability of  finding an order parameter between S and 
S + dS. The moments  of  the spectrum are given in terms of  the Sn by 

Mn An(  e  Qln / S.  (4) 

where the constants, AI = 2 / 3 J 3 ,  A2 = ~, A3 = ~ (1 + 2 / J 3 ) ,  and A,  = ~ ,  etc. 
are calculated from the expression for the quadrupolar powder pattern line- 
shape function [30]. From the expressions for the first two moments  of  P(S) 
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we can define a parameter A2 

A2 - $2 - -821_ M2 
S~ 1.35M~ 1 (5) 

which is the fractional mean squared width of the distribution of  quadrupolar 
splittings. 

As has been demonstrated for DPPC [26] we can obtain the hydrocarbon 
chain C-2H bond order parameter profile from the spectrum of a perdeuterated 
sample using the values of  the moments  of  the spectrum. The empirical func- 
tion vQ of the continuous variable x, where x replaces the discrete variable, 
k, (= 2 , 3 , . . .  ,16) labelling the carbons on the chains, 

PQ(X) = PQ(0){1 - -  [ ( V Q ( 0 )  - - P Q ( 1 ) ) / P Q ( O ) ]  X tt } (6) 

can be used to describe the overall shape of  the variation of quadrupolar 
splitting (or equivalently, the C-2H bond order parameter) with position x. The 
quantities vQ(0) (the splitting at x = 0), PQ(1) (the splitting at x = 1) and the 
exponent ,  p, are the three parameters which must be determined from the 
moments  of  the spectrum. It is possible to calculate the moments  from this 
function vQ(x) in terms of  the three parameters by  assuming a statistical weight 
function p(x )  = 1 for 0 ~< x < 1 and p(x )  = 0 otherwise, so that  

1 
Sn = f [S(x)] n dx (7) 

0 

The resulting system of non-linear equations for the three parameters can then 
be solved. However,  it is more appropriate to do a least~quares fit of  the 
calculated moments  to the experimental moments.  In order to give the higher 
moments  the same weight as the lower moments ,  we have chosen to minimize 
the function 

4 2F M expn __ mn(vo(O), vQ(1),/2) -]2 (8) 
¢p(VQ(O), VQ(1), p) = ~ w,L(M~Xp),-i  [mi(VQ(O), VQ(1), p ) l , - - l j  

n=l 

where bf exp is the experimental nth moment  of the spectrum, and ~ n  

m n ( V Q ( O ) , V Q ( 1 ) , p )  = A~{vQ(0))" ~ ( h i (  1 ] V v o ( 1 ) - - v o ( O ! T  ~ k : o \ k ] \ ~ i L  ~Q(-O) j (9) 

The weights, Wn, are given by  Wn = (An/A'~-~), and are used to ensure that  each 
of  the first four moments  have equal significance in the fitting procedure.  

The parameters of  the fit, VQ(0), VO(1), and IX have a simple physical inter- 
pretation, vQ(0) and vo(1 ) are the quadrupolar splittings of  the two endpoints 
of  the chain. The exponent ,  Ix, describes the variation of  vo(x ) between the 
two endpoints.  If Ix is large, there is a strong curvature in the profile, such as is 
found when there is a 'plateau'. If Ix = 1, then vQ(x) varies linearly with x and 
there is no plateau. Since vQ(x) is a continuous function of  chain position x, 
the endpoints do not  necessarily coincide with carbon-deuteron positions 2 
and 16. The identification of  the points x = 0 and 1 with positiot~s of  the 
hydrocarbon chains is somewhat  arbitrary. We have chosen to make the corre- 
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spondence between x and k (the carbon number) through the relation x = 
( k -  h0)/15. Then, x = 0 corresponds to k = h0 which does not  necessarily 
coincide with the position of  a carbon atom, i.e., k0 may or may not  be an 
integer. Since the position of  the first methylene group corresponds to k = 2, 
we require that k0 ~< 2. There is no other logical restriction on the value of  k0 
and, since it does not  enter into our analysis o f  the moments ,  we have chosen 
the value ho = 2 which gives the best overall fit when comparing our empirical 
S(x) with actual measurement of  S(h). 

Fig. 2 compares the order parameter profile obtained by the fit to the 
m o m e n t s - o f  the spectrum in Fig. la ,  with the profile obtained from the 2H- 
NMR spectra of  specifically deuterated membranes of  A. laidlawii at 42°C 
[1 ]. The discrepancy between the solid surve, labelled a in this figure, and the 
points obtained from the specific label studies may be the result o f  a lower 
phase transition temperature for the A. laidlawii membranes containing large 
amounts of  perdeuterated palmitic acid. In spite of  this slight discrepancy, it is 
clear that the moment  analysis of  the spectrum of  the perdeuterated mem- 
brane gives the same overall picture of  the membrane order parameter profile 
as is obtained from the spectra of  the specifically deuterated membranes. 
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Fig. 2.  The  order  parameter  prof i le  of A. laidlawii m e m b r a n e s .  The e x p e r i m e n t a l  po ints  giving the  split- 
t ing o f  the  spec i f i c  d e u t e r i u m  labels  at  4 2 ° C  are f r o m  S t o c k t o n  et  al. [ 1 ] .  The  curve  label led a is ob ta ined  
f r o m  the  m o m e n t  analysis  o f  the  s p e c t r u m  of  p e r d e u t e r o p a l m i t a t e  enr iched  A. laidlawii m e m b r a n e s  at  
42  ° C. Curves  b and  c are obta ined  f r o m  the  m o m e n t  analysis  o f  spectra  o f  p e r d e u t e r o p a l m i t a t e  and cho les -  
t ero l -enr iched  A. laidiawii m e m b r a n e s  at 4 2  and 22°C.  D, 2H. 

Fig. 3.  2 H - N M R  spectra  at 3 4 . 4  MHz o f  p e r d e u t e r o p a l m i t a t e  and cho l e s t ero l  enr i ched  A. laidlawii m e m -  
branes;  3 0  0 0 0  scans  at 4 scans/s .  (a)  T = 4 2 ° C ;  (b)  T = 2 2 ° C ,  the  vert ical  scale  in a and h is increased  by 
a fac tor  o f  8,  and (c )  T = 0 ° C .  
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2H-NMR spectra of the gel phase 
Below 42°C the membranes undergo a transition from the fluid phase to the 

gel phase. The spectrum in Fig. l b  was obtained at 22°C, where most  of  the 
membrane is in the gel state. The small feature at the center of  the spectrum, 
labelled fluid in the figure, indicates that  there is still a very small amount  of 
fluid phase lipid at this temperature.  The shape of  the spectrum in Fig. l b  is 
nearly identical to that  of  the spectrum observed at the same temperature in 
chain perdeuterated DPPC [8]. This shape seems to be characteristic of  the 
membrane gel phase [5,8] just as the shouldered 'plateau' shape is charac- 
teristic of  the fluid phase. 

At 0°C, Fig. l c ,  the spectrum is similar to that observed at the same temper- 
ature in DPPC [8]. The strong square shoulders have the maximum quadru- 
polar splitting of  126 kHz corresponding to the complete absence of  motion.  
When the temperature is decreased from 22°C the intensity at -+63 kHz 
increases steadily, indicating that an increasing fraction of  the chains have 
ceased the reorientation about  their long axes [7,8].  However, the intensity 
of  the component  at the center of  the spectrum indicates that,  even at 0°C, 
an appreciable fraction of  the chains are still undergoing this reorientation. 

The effect of cholesterol 
Fig. 3a, b and c, are spectra taken for the membranes of  A. laidlawii cells 

grown on the medium supplemented with cholesterol as well as perdeutero- 
palmitic acid. As has been observed with fat ty  acid [21] and electron spin 
label probes in model systems [31] and in the palmitate-enriched membranes 
of  A. laidlawii [32],  the presence of  cholesterol increases the degree of mem- 
brane order at higher temperatures [1]. Fig. 3a, the spectrum at 42°C, shows 
that in the presence of  cholesterol there is still a well~lefined plateau. The 
quadrupolar splitting of  the plateau edge gives I S c 2 H I p l a t e a  u ~ 0.36, that  of  the 
methyl  group, I S C 2 H I m e t h y  1 ~'~ 0 . 0 3 5 ,  and that of the 15 position ISc2n115~- 
0.135. 

At 22°C, Fig. 3b, the spectrum retains the overall shape it had at 42°C, 
becoming somewhat  broader. The plateau edge here gives I S C 2 H I p l a t e a  u ~'~ 0.44, 
while the methyl  group has I S C 2 H I m e t h y  1 ~'~ 0.044. The fluid to gel phase transi- 
tion has apparently been eliminated and the membrane maintains a well- 
defined order parameter plateau throughout  this temperature region. 

These spectra can be analyzed in terms of  the moments  in the same manner 
as the fluid phase spectrum of Fig. la .  At 42 and 22°C we obtain the order 
parameter profiles (of the spectra in Fig. 3a and b) shown in Fig. 2, curves b 
and c. The primary difference between these two curves is the larger value of  
vQ(0) at the lower temperature.  While both curves exhibit the 'plateau', there 
is an observable difference in the values of/~. 

The parameters of  the fit vary systematically with temperature,  between 20 
and 42°C. As shown in Fig. 4a, vQ(0) varies between approx. 51.5 kHz at 20°C 
and approx. 40 kHz at 42°C. This strong variation in the quadrupolar splitting 
in the plateau region of  the chain is a reflection of  the decreased motional 
averaging at lower temperatures.  The parameter VQ(14/15), Fig. 4, identified 
with the quadrupolar splitting of  the 16-position (methyl group), is, within 
the error, independent  of  temperature throughout  this temperature range. 
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Fig .  4 .  T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  p a r a m e t e r s  o f  t he  q u a d r u p o l a r  s p l i t t i n g  p r o f i l e s  o b t a i n e d  f r o m  

t h e  m o m e n t  a n a l y s i s  o f  t h e  s p e c t r a  o f  A. laidlawii m e m b r a n e s  e n r i c h e d  in  p e r d e u t e r o p a l m i t a t e  p l u s  

c h o l e s t e r o l .  (a)  T h e  q u a d r u p o l a r  s p l i t t i n g s  o f  the  t w o  e n d s  o f  t he  c h a i n ,  v Q ( 0 ) ,  l e f t - h a n d  sca le ,  (m) and  
v Q ( 1 4 / 1 6 ) ,  r i g h t - h a n d  scale  (4) .  (b)  T h e  e x p o n e n t  # .  O p e n  c i rc les  a t  4 2  a n d  4 4 ° C  are f o r  m e m b r a n e s  

e n r i c h e d  o n l y  in  p e r d e u t e r o p a l m i t a t e .  

Due to the nature of  the function being minimized by the fitting procedure 
(Eqn. 8), the parts of  the spectrum with larger quadrupolar splittings are more 
heavily weighted than those with smaller splittings. Thus, the fit is much less 
sensitive to the value of  vQ(1) than it is to the value of  VQ(0), and the uncer- 
tainty in vQ(1) is correspondingly larger. The value of  vQ(1) is also strongly 
dependent  on the value of  the exponent ,  ~, especially when ~ is large. Using 
this fitting procedure,  the values of  PQ(0) and ~ are determined more 
accurately than vQ(1). 

The values obtained for ~ are plot ted vs. temperature in Fig. 4b. The 
exponent  ~ is significantly larger at lower temperatures,  indicating that the 
plateau region of  the chain is longer at lower temperatures.  A similar behaviour 
is observed in the moment  analysis of the fluid phases spectra of  chain per- 
deuterated DPPC (Davis, J.H., unpublished result). 

These results demonstrate  how this moment  analysis can be used to s tudy 
the influence of  variables such as temperature and cholesterol content  on the 
membrane order parameter profile. The error bars on the values of  the param- 
eters, shown in Fig. 4a and b indicate the range of  values over which the 
moments  calculated from vQ(x) agree, within error, with the experimental 
moments .  Table I compares, at selected temperatures,  the values of  the 
moments  calculated from vQ(x) with the experimental moments .  

The incorporation of  large amounts  of  cholesterol into the membrane of 
A. laidlawii causes an increase in the mean acyl chain order at temperatures 
above the growth temperatures of  37°C. The increase in order is much larger 
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for positions near the carboxyl region of the acyl chains than for those near the 
terminal methyl groups, in agreement with earlier studies on egg phosphatidyl- 
choline/cholesterol [21]. The order parameter plateau is well~efined between 
20 and 42°C. The primary change over this temperature range is an increase in 
the plateau order parameter at lower temperatures. At 20°C, ISc2HIplateau ~- 
0.46, a value' which is very close to the value of 0.5 expected when the only 
motion remaining is a rapid rotation (or reorientation) about the long axis of 
the chain. 

Below 20°C, the shape of the spectra changes dramatically, and the spectra 
can no longer be analyzed in terms of the moments of re(x). The changes in 
the spectrum occurring between 0 and 20°C do not seem to be characteristic 
of a system undergoing a gel-to-fluid phase transition. The spectrum at 0°C, 
shown in Fig. 3c, bears little resemblance to any of the gel phase spectra of 
the sample which contains no cholesterol (Fig. lb  and c). The weak shoulders 
at +-25 kHz and the large intensity out to -+63 kHz suggest that this spectrum 
may contain two components, one that has the shape of the spectrum in Fig. 
3b (accounting for the weak shoulders), and another broader component. 

Temperature dependence of the moments of spectra 
The moments of the 2H-NMI{ spectra are sensitive to the degree of acyl 

chain order. Since the increase in entropy of the phospholipid gel-to-liquid- 
crystalline phase transition is primarily due to the melting of the hydrocarbon 
chains [33], the moments of the spectra provide a useful picture of this phase 
transition [8]. The first moment, M1, is proportional to the mean C-2H bond 
order parameter, <Sc2~>, while M2 is proportional to <S~2H>. Fig. 5a shows 
the variation of the second moment, M2, with temperature for the spectra of 
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membranes with and without  cholesterol, while Fig. 5b shows the variation of  
M1. For  the sample wi thout  cholesterol there is a sharp change in both M1 and 
M2 between 34 and 42°C indicating that there is a well~lefined transition in the 
orientational order of  the hydrocarbon chains. Below 37°C there is a gradual 
increase in M1 and M2 due to a decrease in the motionai averaging of  the 
quadrupolar interaction (i.e., an increase in hydrocarbon chain order) at lower 
temperatures.  Also, there is a significant change in the slope of  the variation of 
M2 with temperature at approx. 20°C. 

Differential scanning calorimetry of  part of  the cholesterol-free sample used 
for the 2H-NMR studies also shows a clearly defined phase transition occurring 
near 42°C, Fig. 6a. This curve, and similar results reported on A. laidlawii 
[13,14] and E. coli [10],  is highly asymmetric.  The origin of  this asymmetry 
is not  clear. 

The parameter A2, defined by Eqn. 5, is shown as a function of temperature 
for the two samples in Fig. 7. For the sample wi thout  cholesterol, the variation 
of  A 2 with temperature is reminiscent of  the variation of  A 2 for multilamellar 
dispersions of  chain perdeuterated DPPC [8]. There is a strong maximum at the 
phase transition (since between 37 and 42°C the sample is in a mixed phase 
region) followed by  a gradual decrease at lower temperatures.  It is not  clear 
whether the asymmetry in the variation of  A2 is related to the asymmetry in 
the phase transition as observed by  differential scanning calorimetry. There is 
a local minimum in A2 between 20 and 30°C, below which A 2 increases again 
and appears to level off  at 0°C. The behaviour between 0 and 30°C is similar 
to that  observed in DPPC [8]. 

The interpretation of  these results for the A. laidlawii membranes without  
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branes  e n r i c h e d  in p e r d e u t e r o p a l m i t a t e ;  (b) A. laidlawii m e m b r a n e s  enr iched  in p e r d e u t e r o p a l m i t a t e  plus  
choles tero l .  
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t ings.  A.  laidlawii m e m b r a n e s  e n r i c h e d  in p e r d e u t e r o p a l m i t a t e  m e m b r a n e s ,  4; m e m b r a n e s  e n r i c h e d  w i t h  
b o t h  p e r d e u t e r o P a l m i t a t e  and  c h o l e s t e r o l  (o).  
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cholesterol [7] is the same as that  given for the model  system [8].  From 20 
to 30°C, the sample is in a relatively well-defined gel phase where most of  the 
molecules are undergoing a rapid reorientation about  their long axes. The fact 
that  the spectrum in this region is not  a simple two-component  (one for methyl  
groups, one for methylenes) powder  pattern spectrum (expected for identical 
molecules in the all-trans conformation)  suggests that there may be some varia- 
tion in order along the chain, or from one phospholipid to another giving rise 
to a distribution of  quadrupolar splittings [8]. 

Below 20°C, the spectra indicate that  as the temperature decreases an 
increasing fraction of  the molecules cease the reorientation about  their long 
axes. At sufficiently low temperatures it is anticipated that all of the mole- 
cules become rigid and that the spectrum would exhibit the maximum quadru- 
polar splitting (126 kHz) [8]. A similar conclusion has been reached from 
2H-NMR data for A. laidlawii membranes enriched in [13,13-2H2]palmitic acid 
[7].  

The membranes of  A. laidlawii grown in the presence of  cholesterol behave 
very differently. The plots of  M1 and M2 (Fig. 5a and b) do not  show any 
indication of  a clearly defined phase transition. The values of  M2 at 42 and 
--5°C differ by only about  a factor of  two (compared to the factor of  ten 
difference between the values of  M2 at 44 and 0°C for the sample without  
cholesterol). This weak temperature dependence of  the moments  does indicate 
that  there is a gradual increase in the average acyl chain order as the temper- 
ature is lowered. However,  at 0°C, the value of  M2 for the cholesterol-contain- 
ing samples is almost the same as that  of  M2 at 37°C (the growth temperature) 
for the cholesterol-free sample. 

For the membranes containing cholesterol, the parameter A 2 (Fig. 7) is  con- 
stant from 20 to 42°C, illustrating in a very striking manner that  the phase 
transition observed in the sample without  cholesterol has been suppressed. 
Below 20°C, there is a strong gradual increase in A 2 which shows no indication 
of leveling off  even at --5°C. The differential scanning calorimetry curve in 
Fig. 6b, for the sample containing cholesterol, does not  show any clearly 
defined phase transition near the growth temperature or below 20°C. 

At 20°C a large fraction of  the methylene groups on the hydrocarbon 
chains (those contributing to the plateau) has a C-2H bond order parameter 
of  approx. 0.5. This value is consistent with a rapid reorientation about  the 
long molecular axes of  molecules predominantly in the all-trans conformation. 
At lower temperatures,  in order to increase the chain order substantially, the 
rate of  this reorientation must decrease for some molecules (as happens with 
the cholesterol-free A. laidlawii membranes and with DPPC). The 2H-NMR 
spectra are entirely consistent with this behaviour although it is more difficult 
to identify the contribution of  the non-rotating lipids to the spectrum since the 
plateau at 20°C is so broad. 

Below 20°C, it is possible that  the phospholipid molecules are undergoing 
transitions between rotating and non-rotating states. This would lead to a 
spectrum spread out  from zero frequency to the observed cut-off  and hence to 
a large A2. The value of  A2 would depend not  only on the relative populations 
of  the rotating and non-rotating states, but  also on the correlation time for the 
transition between the two states. Alternatively, if a phase separation occurs, 
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forming regions rich and poor  in cholesterol, one might expect  to see the 
behaviour in Fig. 7, since the cholesterol-poor regions would tend to form a 
gel-like phase while the spectrum of  those rich in cholesterol might retain the 
overall shape of  the spectrum at 20°C. This 'mixed phase' would lead to a large 
distribution of  quadrupolar splittings, e.g., to a large A 2. The value of  A2 would 
depend on the relative populations of  the two components  of  the spectrum. 
Studies of  specifically deuterated samples, including the relaxation behaviour, 
may enable us to determine whether either of  these mechanisms actually 
o c c u r s .  

Concluding remarks 

It has been previously demonstrated by 2H-NMR [1,4] that, in the fluid 
phase, phospholipid multilamellar dispersions are useful models of  the bio- 
logical membrane on a microscopic scale. The strong similarities in the 2H-NMR 
spectra of  chain perdeuterated multilamellar dispersions and A. laidlawii mem- 
branes, and their variation with temperature (from 0 to 44°C) suggest that  
throughout  this temperature range the model systems provide a useful descrip- 
tion of  the behaviour expected for biological membranes.  The spectra of  the gel 
phases of  DPPC and A. laidlawii have similar shapes, and at lower temperatures 
both indicate that the fraction of  lipids undergoing a rapid reorientation about  
the long molecular axis decreases gradually. 

The order-parameter profile of  the A. laidlawii membranes containing 
cholesterol (at temperatures between 20 and 42°C) is similar to that of  the 
cholesterol-free A. laidlawii membranes above the gel to fluid phase transition. 
The primary difference is that  the mean order parameter is much larger for the 
membrane containing cholesterol, in agreement with model membrane studies 
[21].  The spectra show unambiguously that  between 20 and 42°C the mem- 
branes containing cholesterol are not  composed of  a mixed phase. The param- 
eter A2 of  the fluid phase spectra of  the membranes without  cholesterol is only 
slightly smaller than the value of  A 2 of  the spectra of membranes with 
cholesterol between 20 and 42°C. This similarity in the A 2 values demonstrates 
clearly that  the membrane containing cholesterol is nearly as homogeneous as 
the fluid phase membrane wi thout  cholesterol, and that both  of  these are more 
homogeneous than the gel-phase of  the membrane without  cholesterol. Below 
20°C, the large increase in the value of  A 2 for the spectra of  the cholesterol- 
containing membranes may be an indication of  the occurence of  either a phase 
separation or a dynamic equilibrium between rotating and non-rotating states, 
Further experiments,  especially relaxation studies (for example, the depen- 
dence of  the shape of  the spectrum on the spacing between the two r-f pulses 
used to form the quadrupolar echo) should resolve this uncertainty.  

The moment  analysis of  the 2H-NMR spectra of completely deuterated 
lipid acyl chains, whether in model or biological membranes,  allows one to 
determine the changes in the chain C-2H bond order parameter profile due to 
the variation of  parameters such as temperature or cholesterol concentration.  
Correlating these variations with membrane functions should determine to 
what extent  the physical state of  the membrane affects it biological functions. 
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