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Summary 

Oleic acid specifically deuterated at fifteen different positions along the 
chain, including the double bond, was biosynthetically incorporated into the 
membrane lipids of  the microorganism A c h o l e p l a s m a  laidlawii B. A detailed 
study of  the dynamic conformation of these chains was carried out using 
deuterium nuclear magnetic resonance. The deuterium spectra of fourteen 
different samples were recorded as a function of temperature over the range 
0--41°C. Spectra were obtained down to --52°C for the sample enriched with 
oleic acid deuterated at the C-12' position. Above 20°C, where the lipids are in 
the liquid crystal phase, a single quadrupolar powder pattern was observed for 
each C2H2 segment, except for the C-2' position which gave rise to a three-com- 
ponent spectrum characteristic for this position in both model and biological 
membranes. Simulation of  this spectrum indicates that there are two conforma- 
tions of  the lipid molecule in the region of  the C-2' segment of  the sn-2 chain. 
The orientational fluctuations of the fatty acid chain segments in the A.  laid- 
lawii  membranes are described by the deuterium order parameters, and a 
striking similarity is shown to exist between the oleate chain conformation of  
the A.  laidlawii membrane and a phospholipid model membrane. Remarkable 
similarities are also demonstrated in the A.  laidlawii membranes enriched in 
palmitic and oleic fatty acids when the order parameter profiles are plotted at 

Abbreviations:  DPPC, 1,2-dipmlmltoyl-3-~n-phosphatidylcholine; POPC, 1-palmitoyl-2-oleoyl-3-sn-phos- 
phatidylchollne; DMPC, 1,2-dimya4stoyl-3~sn-phospha$idylcholine; DPPS. 1.2-dlpalmitoyl-3-sn-phospha- 
tidylserine; DSC. differentia] scanning calorimetry. 



246  

the same reduced temperature. Below 15°C a second component, due to gel 
phase lipid, starts to appear in the spectra. This broad gel phase component 
grows at the expense of the liquid crystal phase component as the temperature 
is reduced. The spectra indicate that the center of the phase transition is at 
about --12°C, in good agreement with DSC studies. 

Introduction 

A detailed knowledge of the structure and dynamics of the lipid molecules in 
biological membranes is essential to the understanding of membrane function 
and cellular activities in general. An elucidation of the conformation and 
dynamics of the hydrocarbon chains of membrane lipids represents an 
important contribution to this knowledge. Deuterium nuclear magnetic 
resonance (2H-NMR) of labelled lipids has been the method of choice for the 
determination of lipid chain arrangement as it is an essentially non-perturbing 
probe which is very sensitive to the detailed structure of the membrane. Only 
recently has this technique been employed in comprehensive studies of biol- 
ogical membranes [1--6]. The purpose of the work reported here is to continue 
the characterization of the hydrocarbon chain conformation of lipids in biol- 
ogical membranes. In particular, the physical implications of a c/s-unsaturated 
bond in the acyl chain are explored. Biological membranes have a large percent. 
age of c/s-unsaturated lipids and it is well known that the proportion of satur- 
ated to unsaturated lipids greatly influences the thermal behaviour of the 
membrane. The microorganism Acholeplasma laidlawii was chosen as the 
system to study because it readily incorporates exogenous 2H-labeiled fatty 
acids into its membrane lipids and, since it has only a single plasma membrane 
with no internal membrane structures, relatively homogeneous membrane 
preparations are possible. Furthermore, in view of previous work [2,4], a direct 
comparison of conformations and thermal behaviour of saturated and unsatur- 
ated chains can be carried out. 

In the generally accepted fluid mosaic model [7] of the membrane the lipid 
molecules form a liquid crystslli~e bilayer fluid enough to allow the mem- 
brane proteins to function. The dynamical structure of a biological membrane 
is best discussed in the terms used for anisotropic fluids. The structural proper- 
ties of the lipid molecules within the bilayer can therefore be described in 
terms of order parameters [8]. Because the molecules are flexible, a complete 
description would involve an order parameter tensor for each rigid unit. This 
second-order tensor is symmetric and traceless, and the components are defined 
a s  

S ~  = ( (3 cos  0~ cos  0~ - -  5a~)/2) (1) 

The subscripts a and ~ refer to axes (x, y, z) fixed in the molecular subunit, 
with 0a and 0~ being the angles between these axes and a direction normal to 
the bilayer. The <~ ~, brackets denote a time or ensemble average. It should be 
noted that the components Sa# depend not only on the angular distribution of 
fluctuations experienced by the molecular subunit but also on the average 
orientation of the molecular axes. 
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Nuclear magnetic resonance (NMR) of  selectively deuterated lipid molecules 
[9,10] has proven to be a perturbation-free technique for the determination of  
the order parameter, namely SC2H, associated with a particular C-2H bond 
direction. The deuterium nuclear quadrupole interaction causes a splitting of 
the Zeeman resonance giving rise to, in an unoriented sample, a characteristic 
powder pattern. This spectrum has two distinct peaks which are separated in 
frequency by AvQ, where 

AVQ = ~ 3C2H (2) 

This equation is valid when it can be assumed that  the electric field gradient at 
the deuteron site is axially symmetric about the C-2H bond direction. Only the 
absolute value of  the deuterium order parameter can be determined since the 
sign of  the quadrupole splitting is generally unknown.  The static deuterium 
quadrupole coupling constant (e2qQ/h) is about 170 kHz for alipathic C-2H 
bonds [11] and 175.3 kHz for olefinic C-2H bonds [12]. In both cases the 
asymmetry parameter is very nearly zero. Knowledge of SC~H, however, does 
no t  in general determine the complete order parameter tensor Sa~. In partic- 
ular, for a rigid C2H: group it is necessary to determine independently Sc2~ and 
S:H2, [ 13] for a complete description of the molecular subunit order. 

There have now been published a number of detailed profiles of  ISc2,1 as a 
function of  label position in model lipid bilayers, i.e. DPPC [14,15], POPC 
[16,17], DMPC [18], egg-yolk lecithin [19], and DPPS [20]. In addition, a 
detailed order profile has been published for the membrane of the micro- 
organism A. laidlawii which had been biosynthetically enriched with deuterated 
palmitic acid [2]. While the study reported in this paper was in progress an 
order profile was partially established for Escherichia coli membranes incor- 
porating palmitic and oleic acid selectively deuterated at ten sites in total [6]. 

Another  important  aspect of structural studies of membranes is the tempera- 
ture dependence of  the molecular order. All single component  preparations of  
pure phospholipids show a sharp first-order phase transition [21] from a liquid 
crystalline state to a gel state as the temperature is lowered through the transi- 
t ion region. The transition arises from a cooperative freezing of the hydro- 
carbon chains located in the interior of the bilayer. The transition temperature 
depends upon the head-group, the length and amount  of  branching of the acyl 
chains, and the degree and type of unsaturation of the chains. The membrane 
lipids of E. coil [22--24] and A. laidlawii [25--27] also undergo relatively well- 
defined liquid crystal to gel transitions, in spite of  the heterogeneity of the 
lipid head-groups and fatty acyl chains and the presence of protein. While the 
influence of molecular order on the biological functions of the membrane, in 
particular the enzymatic functions, has not  yet  been firmly established [28, 
29], there is evidence that  the degree of membrane fluidity definitely gives rise 
to a number  of  important  effects. A consequence of the phase transition is that  
the rate of  translational diffusion of molecules in the membrane increases by 
several orders of magnitude on going from the gel to liquid crystal state [30, 
31]. It is well established that  the phase change influences the growth rates in 
A. laidlawii [32] and in fact these cells will not  grow when the lipids are all in 
the gel state. The maximum temperature at which a cell will grow seems to 
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depend, at least in part, on the fluidity of the membrane [28,32,33]. While it 
has been suggested that  it is necessary for the two phases to be coexistent for 
cell growth [29], there is evidence to indicate that  at least in A. laidlawii this 
is not  a necessary criterion [32]. Another significant effect of temperature is 
that  cells will change the composition of the acyl chains to adapt to the tem- 
perature of their environment [34,35]. Microorganisms grown at increasing 
temperature tend to incorporate more saturated, less branched, and longer 
ch~dns into their lipids, with the result that  the phase transition in these mem- 
branes occurs at progressively higher temperatures. 

Deuterium magnetic resonance was initially limited to the liquid crystal 
phase due to the difficulties in observing the broad spectrum of the gel phase. 
Now, however, with the improvements in spectrometer design and the use of 
the quadmpolar  echo technique [36] it is possible to follow the quadrupolar 
spectrum into the gel region [3,4] and to obtain quantitative information 
about  coexistence of the two phases in the transition region. 

Materials and Methods 

The microorganism Acholeplasma laidlawii B was grown at 37°C in an initi- 
ally fatty acid-free tryptose broth supplemented with specifically dideuterated 
oleic acids ([2'3H2]-, [3'3H2]-, [4'3H2]-, [5'3H2]-, [6'3H2]-, [7'3H2]-, [8'- 
2H2]- , [9',10'-2H2]-, [11'3H~]-, [12'3H2]-, [14'-2H2]-, [16'3H2]-, [17'-2H2]- 
oleic acids) and with [18'3H3]oleic acid [37]. The cells were harvested in the 
late log phase, osmotically lysed in distilled water and freeze-dried for storage 
at --15°C. Other details of the microbial growth and membrane preparation can 
be found in Ref. 1. The acyl chain distribution of the various samples, as 
determined by gas chromatography [38], is given in Table I. While there is a 
small variation in the distribution of acyl chains from sample to sample, the 
percentages of 18 : 1 and 16 : 0 are roughly constant at 64% and 23%. The 

T A B L E  I 

F A T T Y  A C I D  C O M P O S I T I O N  O F  T H E  T O T A L  M E M B R A N E  L I P I D S  O F  A C H O L E P L A S M A  L A I D -  
L A W I I  G R O W N  ON S P E C I F I C A L L Y - D E U T E R A T E D  O L E I C  A C I D  A T  37°C  

Labe l led  
c a r b o n  a t o m  

Fatty acids f o u n d  (tool %) 

1 2 : 0  14 :0  16 :0  18 :0  18:1  

2 1.8 5.0 23 .9  5.6 61 .5  
3 1.2 4.7 22 .0  2.6 67 .4  
4 - -  5.6 20.1 2.9 70.1 
5 - -  4 .5  25 .6  3.6 66 .4  
6 0.9 3 .5  20.1 4.4 62 .5  
7 - -  7 .6 25.1 3.1 64 .2  
8 1.5 4 .0  23 .4  4 .2  67 .0  
9 , 1 0  2.9 6.6 23 .5  2.1 61 .3  

11 3.3 4.6 20 .0  2.8 63 .8  
12  - -  4 .7 26.7 5.4 63 .1  
14  4 .5  5.6 25.7 3.1 61.1 
16 2.0 5.4 22.1 3 .5  61 .3  
17 2.1 4.6 26 .0  3 .5  63 .9  
18  2.6 6.5 23 .6  3.1 59 .0  
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samples used for the NMR experiments consisted of 100--150 mg of the 
freeze~lried membrane which was hydrated with deuterium<lepleted water 
(Aldrich Chemical Co., Milwaukee, WI) in a weight ratio of  about I : 1.2. The 
samples were mixed by centrifugation through a constriction, then sealed in 
glass ampules. 

The 2H-NMR spectra were obtained at a frequency of  41.3 MHz using a 
home-built spectrometer and a Bruker superconducting solenoid. Digitization 
and Fourier transformation of the nuclear signal were carried out using a 
Nicolet 1090 AR digital oscilloscope interfaced to a Digital PDP-8/A mini- 
computer. Because the samples are not oriented, the observed spectrum is a 
quadrupolar 'powder' pattern [9] spanning 10a--10 s Hz. A modified quadru- 
polar echo technique was used to overcome the problem of the loss of the 
initial part of the nuclear free induction decay due to the receiver recovery 
time. The basic quadrupolar echo sequence [36] consists of an initial ~/2 pulse 
applied along the x direction in the rotating frame followed by a ~/2 pulse in 
the y direction at a time r later. The echo peak occurs at a time approximately 
r after the second pulse. Using this sequence it was found that the magneto- 
acoustic ringing [39,40] induced by the radio frequency pulse interfered with 
the echo for the small values of r used. The spin-spin relaxation times were 
relatively short so that increasing r and waiting for the ringing to die away was 
not a practical solution. To overcome the problem the echo sequence was 
modified by changing the phase of the first ~/2 pulse by 180 ° on successive 
repetitions and then alternately adding and subtracting the nuclear signals 
when signal averaging in the computer. 

Typically the ~/2 pulses were 5--6 ps in length and r was 50--60 /~s. The 
pulse sequence was repeated about three times a second except for the 
methyl group, where the rate was reduced to about once a second. The 
frequency of the spectrometer was set at the center of the symmetric quadru- 
polar powder pattern, and in most cases the spectrum was folded so that the 
two halves were superimposed, increasing the signal-to-noise ratio by a factor 

The sample was enclosed in a copper oven in the NMR probe. The oven 
temperature was electronically regulated to within -+0.5°C and the temperature 
gradient across the sample was estimated to be less than 0.25°C. 

Results and Discussion 

Liquid crystal phase 
The deuterium spectra of 14 different samples were recorded as a function 

of  temperature over the range 0--41°C. For temperatures above 20°C, where all 
lipid was in the liquid crystal phase, a single quadrupolar powder pattern was 
observed, with two exceptions. The exceptions were the samples where the 
oleoyl chains were deuterated at the C-2' and at the double bonded C-9',10' 
positions. Spectra from six samples at 25"C are shown in Fig. 1. 

The spectra for the C-2' position show three overlapping powder patterns. 
Seelig and Seelig [14] first observed the three pattern spectra for the C-2' 
position in the model system DPPC. By selectively deuterating each acyl chain 
separately [15] they showed that the peaks with the largest splitting came from 
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Fig.  1.  2 H - N M R  s p e c t r a  o f  th e  o l e o y l  c h a i n s  in  m e m b r a n e s  o f  A.  latdlawii,  w i t h  the  2 H - l a b e l  in  t h e  pos i -  
t i o n s  i n d i c a t e d  a n d  a t  a t e m p e r a t u r e  o f  2 5 ° C .  T h e  s p e c t r a  we re  o b t a i n e d  u s i n g  t h e  q u a d r u p o l a z  e c h o  
t e c h n i q u e ,  w i t h  a ~ / 2  pu l se  d u r a t i o n  o f  5 ,5  ~s, a pu l se  s p a c i n g  o f  4 0 - 6 0  ~s.  a n d  a r e c y c l e  t i m e  o f  0 . 2 0 - -  
0 . 3 3  s. T h e  n u m b e r  o f  s c a n s  was  3 2  0 0 0 - - 1 2 8  0 0 0 .  

the C-2' position on the sn-1 chain, while the other two splittings were due to 
the sn-2 chain. They have suggested that the different quadrupolar splittings for 
the two chains are due to different orientations of the start of the two chains 
with respect to the normal to the bilayer [15]. The s , - i  chain is parallel to the 
normal while the sn-2 chain starts out perpendicular to the normal and then is 
bent parallel to it after the C-2' segment. This model is supported by X-ray data 
for crystalline phospholipid [41].and by neutron diffraction studies of DPPC 
bilayers [42,43]. The origin of the two-splittings for the sn-2 chain could be 
due to inequivalence of the two deuterons of the C-2' site or to two different 
conformations of the sn-2 chain which are in slow exchange on the NMR time 
scale. The litter explanation seems the more likely for two reasons, the first 
being that with DPPC only one splitting shows a significant variation with tem- 
perature, whereas the other shows almost no temperature dependence [15]. 
The second reason is that simulations of our spectra for the C-2' position indi- 
cate that the integrated intensities are not the same for the two powder pat- 
terns which give rise to the two splittings for the sn-2 position. One would 
expect equal integrated intensities if the two splittings were due solely to the 
inequivalence of the two C-2' deuterons. The simulations were done by adding 
together three Gaussian broadened quadrupolir powder patterns with the 
appropriate splittings and varying the relative intensities to obtain a good fit to 
the experimental spectra. The lineshape function used to generate a single qua- 
drupolar powder pattern was 

F(~, ~Q) : F÷(~, ~Q) + F_(~, ~Q) (3) 
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where 

1 

F~(~, ¢oQ) = f - ~  exp[--¢o~(~ + (3u 2 -- 1)]2)2/2a 2 ] (4) 
o 

= ~ / ~ Q  (5) 

¢oQ = 21r AvQ (6) 

and 

o = A + B ( 3 u  2 - -  1) (7) 

where u = cos 0, 0 b e i n g  the angle between the axis of motional averaging (i.e. 
the bilayer normal) and the external magnetic field. The functional form used 
for the line-broadening parameter o was empirically chosen so as to fit the 
experimental spectra. It  was found necessary to have an angular-dependent 
term in o in order to round off the shoulders of  the quadrupolar powder 
pattern without  excessively broadening the peaks. An example of this simula- 
t ion is shown in Fig. 2, along with the experimental spectrum for comparison. 
The ratio of  the integrated intensities of the three consti tuent powder patterns 
in the simulations is 0.9 : 2.5 : 1.0, in order of  decreasing quadrupolar split- 
tings; the estimated error in these values is 15%. This is also the ratio of the 
number  of deuterons giving rise to each quadrupolar powder pattern, due to 
the fact that  the integrated intensity of a powder pattern is directly propor- 
tional to the number  of contributing deuterons. Of the two splittings for the 
sn-2 chain, 2.5 times as many deuterons are contributing to the outer splitting 

I A I l I 

-50 0 50 

FREQUENCY (KHz) 

Fig. 2. Comparison be tween an exper imenta l  2H-NMR spect rum of [2 ' -2H2]oleoyl  eh .4 . ,  in A. /ald/awl/ 
membrsnes  and • spectral  dmula t lon .  (A) Spectrum for [2 ' -2H2]oleoyl  eh.lna~ obta ined tuflng 6.5  
Ir/2 pulses, ~ spacln6 50 ~ ,  recycle i~lme of 0.20 s, and number  of scans 128000 .  (B) Simulated 
spect rum with three overlapping Gw,~An-broadened  quadrupolAr powder  patterns.  Quadrupole  s p l / t t i n p  
are 25.5 kHz, 20.0 kHz, and 16.0 kHz, wi th  the rat io of integrated intens/t /es of the cont r ibut ing  pat terns  
being 0.9 : 2.5 : 1.0. 
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as to the inner one. This means that  the two splittings cannot  be due simply to 
the inequivalence of  the two C-2' deuterons,  but  rather must  involve two con- 
formations of  the lipid molecule in the region of  the C-2' segment of  the sn-2 
acyl chain. There does not  appear to be a significant temperature dependence 
of  the relative probabilities for the two conformations over the range 16--37°C. 
In spite of  these results, however, it would be most  desirable to introduce one 
deuteron stereospecifically into the C-2' position of the sn-2 chain to confirm 
the idea that  there are two conformations in this region of  the lipid molecules. 

It must  be emphasized at this point  that  the exact  ratio of integrated intensi- 
ties will be dependent  on the lineshape funct ion chosen, and so wi thout  a 
theoretical justification for the lineshape used we must say that  our values give 
only a qualitative indication of  the relative distribution of  deuterons which give 
rise to the three splittings. Support  for the present ratio results f rom the fact 
that  it indicates that  80% of  the oleoyl chains are at tached to the sn-2 position 
of  the membrane lipids. From Table I we see that  for the [2'-2H2]oleoyl - 
labelled sample 61.5% of  the total fa t ty  acid content  is oleic acid, which means 
tha t  of  the total  fa t ty  acid content  49% is oleic acid at tached at the sn-2 posi- 
t ion of  the lipids, with the rest of  the oleic acid and most  of  the various o ther  
saturated fa t ty  acids being at tached at the sn-1 position. This is in agreement 
with the fact that  in lipids of biological origin there is a strong positional 
preference of  the saturated and unsaturated fa t ty  acids for the sn-1 and sn-2 
positions, respectively. 

The three splitting pat tern has now been observed in a number  of  different  
model  membrane systems with different  head groups and both saturated and 
unsaturated chains [15,17,18,20]. The incorporation of  elaidoyl chains, 
deuterated at the C-2' position, into the membranes of  E. coli [6] also gives 
rise to spectra with three quadrupolar splittings. In addition, the spectrum of  
the C-2'-labelled palmitoyl chains in the membrane of  A. laidlawii [2] has an 
'unusual shape' which may result f rom the presence of  three overlapping 
powder  patterns. The three overlapping patterns which we observe would there- 
fore seem to be a manifestation of  the same characteristic behaviour. The 
weight of  all these studies leads to the conclusion that  the inequivalence of the 
sn-1 and sn-2 chains is a general feature of lipid organization in all membranes 
and that  the conformat ion of the beginning of  each chain is about  the same in 
all systems. 

The spectra for acyl chains labelled at the C-9',10' double bond consist of  
two overlapping powder  patterns of  equal integrated intensity, suggesting the 
motional  inequivalence of  the C-9' and C-10' deuterons.  Similar spectra have 
been observed in a model  system, POPC [17] and for oleoyl chains in E. coil 
membranes [6]. If the double bond were parallel to the normal to the bilayer 
the  C-9' and C-10' deuterons would be motionaUy equivalent and the average 
angle between the two C-2H bonds and the normal would be the same, because 
the double bond is rigid. Since two splittings are observed, the double bond 
cannot  be parallel to the normal. 

The c/s double bond has C2v symmetry  and there are three independent  
components  of  the order parameter  tensor. The order parameters for the two 
C-2H bonds are given by 

Sc2H = cos2~Szz + sin2~Sxx ± sin a cos ~Sxz (8) 
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where 0 is the angle between the C-2H bonds and the C=C bond. The z-axis 
is along the C=C bond and the x-axis is in the plane of the C-2H bonds. The 
complete order parameter tensor cannot be determined by measurements of the 
two SC2H alone. Using an independent measurement of S~z from infrared linear 
dichroism [17], Seelig and Waespe-Sarcevic were able to determine four pos- 
sible sets of components of the order parameter tensor. The four sets arise 
because the signs of the two SC2H are not determined. These four sets were 
diagonalized by rotations about the x-axis by an angle ~ where --9 ° < a < 9 °. 
However, only one set of components leads to an axially symmetric order 
parameter tensor consistent with the uniaxial properties of the lipid membrane. 
The angle a is then interpreted as being the average angle between the double 
bond and the bilayer normal. Furthermore, the principal component of the 
diagonalized order tensor, which is the order parameter describing the fluctua- 
tions of the double bond segment about the bilayer normal, has a value very 
similar to that found in the adjacent palmitic acyl chains at the same depth in 
the bilayer. Seelig and Waespe-Sarcevic [17] have thus shown that a relatively 
small tilt angle of 7--8 ° between the double bond and the bilayer normal is 
sufficient to account for the two observed quadrupole splittings. 

At the present time a complete analysis of the order parameter tensor for the 
double bond in the oleic-enriched A. laidlawii membranes is not possible 
because S~z has not been determined. This parameter could be obtained from 
the dipolar splitting for two protons substituted at the double bond on an 
otherwise deuterated oleic acyl chain. Because of the similarity between the 
results for the oleoyl chains in the model system POPC and in the A. laidlawii 
membranes, it is reasonable to suggest that the origin of the two spectra at the 
double bond is due to the tilting of the double bond away from the direction 
of the bilayer normal. 

The effect of varying the spacing between the two ~/2 pulses of the quadru- 
polar echo sequence is shown in Fig. 3. The two spectra displayed are for the 
C-11' position of the oleoyl chain at 25°C, and were obtained using the echo 
technique as described above. Spectrum A was obtained using a pulse spacing 
of 60 #s while the spacing used for spectrum B was 150 #s. As can be seen, the 
lineshapes of the two spectra differ markedly. Similar results have not previ- 
ously been reported in other lipid or lipid-protein systems. The explanation 
of this result appears to be that there is an angular dependence across the spec- 
trum of the transverse relaxation time T2. Spectra have been obtained as a func- 
tion of pulse spacing for several positions along the oleoyl chain, and in all 
cases an angular~iependent transverse relaxation was observed. In particular, 
the peaks for the 10' position, which are not seen in Fig. 1, have been observed 
by increasing the spacing of the echo pulses, as in the case for the 11' position. 
The observation of an angular~lependent T2 lends support to the use of an 
angular~iependent line-broadening parameter in the simulation of the spectra 
for the C-2' position. 

The Sc2u profile 
The liquid crystal phase component dominates the spectra for all label posi- 

tions even at 0°C. The quadrupolar splitting for this liquid crystal phase com- 
ponent was measured as a function of temperature from 0 to 41°C and as a 



2 5 4  

-I- 
A Y 

v 

0 

n 
ffl 

cF 
0 

0 

I A I , I 

- 2 5  0 25 

FREQUENCY (KHz) 

30 ' 
O 

2 0  

D 

D 

0 

0 j 

0 

i I 

0 0 

o ~ 
0 

0 
0 

0 
o A ~ o 

o ~ ~ o 5 

0 
° 0 ~ 

O D 
, O 

o o o ' ,  °, ~ o  o o , ~  
D O 0 

Q 0 
o o o 12 

D {3 
a o 15 

17 • n iii ~ ~ ~ ~ 11 

• A , ,  , 1 0  
o o o o o o o o IB 

, i , I , I L L 

10  2 0  3 0  4 0  

TEMPERATURE ('C) 

Fig .  3 .  Comparimon b e t w e e n  exper imenta l  2H-NMR spectra  o f  [ l l ' - 2 H 2 ] o l e o y l  chains  o f  A.  la id lawt l  
m e m b r a n e s  for  di f ferent  spacing b e t w e e n  the t w o  ~ / 2  pulses  o f  the quadrupolar  echo  sequence .  For  
b o t h  spectra  the ~ / 2  pulses  were  5.5 ps  in durat ion,  the recyc le  t lme  was 0 . 3 1  8, the n u m b e r  of  scans 
was  6 4 0 0 0 ,  and the temperature  was  2 5 ° C .  (A)  Pulse spacing o f  6 0  ps .  (B)  Pu l se  spacing o f  150  ps. 

Fig .  4 .  Quadrupolar  splitt ing u a func t ion  of  temperature  for  A.  ta ld lawi t  membranes  b iosynthet ica l ly -  
enz iched wi th  specl f loal iy-deuterated ole ic  acid.  The  numbers  a long the  right hand  side indicate  the 
carbon  a t o m  which  was deuterated .  

function of label position; the results are shown in Fig. 4. The temperature 
dependence is approximately linear, the quadrupolar splitting increasing with 
decreasing temperature, as expected. At lower temperatures there is less motion 
of  the C-2H bond due, for example to trans.gauche isomerization of  the acyl 
chains, rotational and translational diffusion, and chain tilting. With the 
motions slowing down and/or decreasing in amplitude, they would be less 
effective in averaging the quadrupolar interaction and hence the quadrupolar 
splitting would increase. In absolute terms, the temperature dependence 
appears to be weakest at the methyl end of the hydrocarbon chains and 
strongest in the C-3' to C-6' region. The converse of  this true, however, if the 
temperature dependence is viewed as a percentage change in the quadrupolar 
splittings. 

Fig. 5A shows the quadrupolar splittings and order parameters for fifteen 
positions down the oleoyl chain at 25°C. As well, results obtained by Seelig and 
Waespe-Sarcevic [17] and Seelig and Seelig [16] for the model system POPC at 
27°C are shown for comparison. It is remarkable that the two sets of results 
should be so similar, considering that the A. laidlawii membrane contains 80~o 
protein by weight, has a heterogeneous fatty acid content (see Table I) and has 
diglucose, glucose and phosphoglycerol instead of  phosphocholine as the polar 
head group, The dip in the ISC2HI profile at' the double bond of the oleate 
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Fig. 5. Variat ion of  the quadrupolar splitting and deuter ium order parameter  [SC2HI with labelled carbon 
a tom.  Data for POPC taken from Seelig and Seellg [16 ]  and Seellg and Waespe-Sarcevie [17 ]  and data for 
palmitateqabel led A. laldlawli taken  from Stockton  et a]. [ 2 ] .  ( A )  v,  o l e a t e - l a b e l l e d  A.  laldlawll mem-  
branes at 25°C. '~, deuter ium label at tached to oleate chain of  POPC at 27°C. o, deuter ium label  to  palmi- 
tate chain of  POPC at 27°C. (B)  o, o l e a t e - l a b e l i e d  A .  laldlawi! membranes  at 0°C. o, pahnitateqabel ied 
A.  laldlawil membranes  at 42°C.  

chains is due to the geometry and alignment of the double bond with respect to 
the bilayer normal. Apparently the double bond alignment is almost the same 
in the phospholipid model membrane and the A. laidlawii membrane. There is, 
however, a significant difference between the two order profiles for the 2' posi- 
tion of the sn-2 chain. The splittings for the A. laidlawii membrane are approx. 
5 kHz larger than corresponding splittings for the POPC model membrane. This 
increase in order parameters for the A. laidlawii membrane could be due to the 
presence of protein (about 80% by weight). Rice and Oldfield [44] have ob- 
served the same effect in a model system. They measured the quadrupolar split- 
tings for samples of pure DMPC, DMPC + 15 wt.% gramicidin, and DMPC + 50 
wt.% gramicidin, where the DMPC was labelled at the 2' position in the sn-2 
chain. The splittings for the two peptide~ontaining bilayers were approxi- 
mately equal, but significantly higher than for the pure lipid bilayer. R is more 
obvious from their data that the two splittings for 2' position are increased by 
approximately the same amount; one might otherwise have concluded from our 
data that one pair of splittings coincided and that the other corresponding pair 
differred by approx. 10 kHz. Their findings also make unlikely the possibility 
that the differences in splittings between the POPC and A. laidlawii membranes 
are due solely to the inhomogeneity of the head groups and acyl chains in the 
latter. R seems most likely that the proteins are causing a slight change in the 
conformation of  the lipid molecules in the region of  the 2' segment of  the sn-2 
chain. The similarities between model and biological membranes such as A. 
laidlawii and E. coil [6] indicate that studies on model systems are biologically 
relevant and have an important role to play in the overall study of  membranes. 
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s c a n s  a v e r a g e d  w a s  6 4  0 0 0 .  E x p a n d e d  s e g m e n t s  a r e  s h o w n  w h e r e  t h e  i n t e n s i t y  is m t t l t i p l e d  b y  a f a c t o r  o f  
f o u r .  

Seelig and Browning [20] have demonstrated that if a reduced temperature 
0 = (T- Tc)/Tc is defined, where Tc is the temperature of the transition from 
the liquid crystal to the gel phase, then at a common 8 a variety of chains 
attached to a variety of head groups have a very similar profile of order versus 
position. Further evidence of this is displayed in Fig. 5B, where the order 
profile at 0°C for the oleoyl~nriched A. laidlawii membranes is plotted along 
with the results for the palmitoyl~nriched membranes [2] at 42°C, roughly 
the same reduced temperatttm. The temperature of the phase transitions for the 
A. laidlawii membranes were taken from the calorimetric data of McElhaney 
[32]. The dip in the ISC2HI profile at the double bond of the oleoyl chains is 
due to the geometry and alignment of the double bond with respect to the 
bilaye~ normal. As mentioned above, the fluctuations about the average ori- 
entation of this segment of the chain are expected to be about the same as that 
found in the corresponding position in the palmitoyl chain. This is evident in 
the close similarity of the order parameters for the top and bottom of the 
oleoyl and palmitoyl chains, as seen in Fig. 5B. 

Gel phase 
A study was made of the temperature dependence of the various spectra; a 

representative set for the C-12' position of  the oleoyl chain is shown in Fig. 6. 
Above 20°C the spectra are characteristic of  the liquid crystal phase. There is a 
well-defined powder pattern with distinct peaks, and shoulders at twice the 
quadrupolar splitting. As the temperature is lowered below 20°C, a second 
broad component ,  due to gel phase lipid, with a width of about 60 kHz begins 
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to appear in the spectra while the liquid crystal spectrum decreases in relative 
amplitude. Below --5°C the spectra change very rapidly, particularly in the 
region of --13°C, which is the center of the thermal transition covering the 
range from --5 to --22°C [32]. The well<lefined peaks of the liquid crystal 
component  are dramatically broadened between --10°C and --15°C. The fact 
that  there are two components  in these spectra indicates that  the two phases 
coexist in the membrane with an interconversion rate which is less than the 
difference in the quadrupole splittings (<:10 s s-l). 

The broadening of the peaks in the liquid crystal phase part of  the spectrum 
appears to be due to a very marked reduction in the spin-spin relaxation t ime 
T2 in the vicinity of the phase transition. Such behaviour has also been 
observed in lyotropic liquid crystals (Wong, T.C. and Jeffrey, K.R., unpublished 
results). One possible explanation of the reduction in T~ is that  T2 is determined 
by diffusion of the molecules from one domain to the next, causing sudden 
changes in the strength of the quadrupolar interaction. The rate of exchange is 
slow enough that  an average spectrum is not  observed but fast enough to be an 
effective spin-spin relaxation mechanism [4,5]. At high temperature when the 
sample is completely in the liquid crystal phase, diffusion from one domain to 
the next causes a relatively small change in the quadrupolar splitting. In the 
phase transition region movement  from one domain to the next  may bring the 
molecule from the liquid crystal to the gel state, causing a relatively large 
change in quadrupolar splitting. 

The narrow central component  in the spectra due to liquid crystal phase 
lipid is seen to persist even down to "32°C,  10 ° below the temperature at 
which DSC studies [32] indicate the phase transition is complete. Kang et al. 
[46] have observed the same phenomenon in the DMPC-cytochrome oxidase 
system. By varying the lipid-protein ratio they found that  the narrow com- 
ponent  persists to lower temperatures in those samples with the smallest lipid 
to protein ratios. This seems to indicate that  the narrow component  is due to 
lipid molecules associated with the protein. The proteins in the A. laidlawii 
membrane appear to be capable of disordering the surround 'boundary '  lipid to 
very low temperatures. 

The gel phase component  of the low temperature spectra is very broad and 
relatively featureless. As the temperature is decreased below --32°C, intensity 
starts to build up at +60 kHz, which would indicate that  the rotation of the 
acyl chains is being progressively frozen out. However, even down to --73°C 
(unpublished results) there is still significant intensity in the middle part of 
the spectra. Further study is necessary, including a detailed lineshape analysis 
of  the spectra, to elucidate the nature of the motions of the lipid molecules at 
these low temperatures; this work is currently in progress. 

It is necessary at this point  to comment  on the fidelity of our broad spectra. 
To obtain an undistorted spectrum directly (i.e. using no correction factors) it 
is necessary that  the spectral density of the radio frequency pulses at the outer 
edges of the spectrum differ from that at the center by no more than approx. 
5%. This requires that  tp <: 1/~l'A/;sp [47], where tp is the width of the radio 
frequency pulse and Avsp is the total spectral width. To obtain an undistorted 
spectrum of width 127.5 kHz (half of the rigid lattice value for deuterium) it is 
necessary to use pulses of 2.5 /~s duration or less. We did this to check the 



258 

' - 7t5 ' 7'5 J - 1 5 0  0 1 5 0  

F R E Q U E N C Y  ( K H z )  

Fig. 7. Comparison of 2H-NMR spectra obtoJned using different  p u l ~  lengths for [12 ' -2H2]olcoyl  chains 
in membranes  of A.  laidlawii  at --42°C. (A) Spectrum w u  obta ined mdng 40 ° pulses of dtutation 2.5 ps, 
50 ,us pulse spacing, recycle t ime 0.21 ~ spectral  width  I MHz, and aveTs~n_I 128 000 scans. (B) Spec- 
t r a m  was obta ined using 90 ° p u l ~ s  of dura t lon  5.5 ~ ,  50 its pulIe spacing, recycle t /me 0.31 s, spectral  
width  500 kHz, and averaging 64 000 scans. 

fidelity of our spectra, and the remit is shown in Fig. 7. Both spectra A and B 
were taken at --42*C. For spectrum A 40 ° pulses of duration 2.5 #s were used, 
with a recycle time of 0.21 s, spectral width of 1 MHz, and number of scans 
128000. For spectrum B 90 ° pulses of duration 5.5 ~s were used, with a 
recycle time of 0.31 s, spectral width of 500 kHz, and number of scans 64 000. 
As expected, there is some power fall-off in the wings of spectrum B compared 
to the undistorted spectrum A, but other than that there are no gross differ- 
ences. The reason that the 2.5 #s pulse is not used routinely is that for the B1 
fields that our spectrometer is capable of producing a 2.5 ~s pulse width 
represents only a 40 o pulse angle for deuterons, due to the low magnetogyric 
ratio of deuterons. Using' 40 ° pulses rather than 90 ° pulses still produces an 
echo [48] but with a considerable loss in the signal-to-noise ratio, as is evident 
in Fig. 7. 

Temperature dependence of the second moment 
As has been pointed out by Smith et al. [4] the use of the second moment 

M2 is a method of analyzing quantitatively the temperature dependence of the 
quadrnpolar powder spectra and provides further insight into the effects of 
molecular motion on the spectra. Denoting the quadrupolar lineshape function 
by F ( c ~ -  6o0) where 6o0 is the center frequency of the symmetric powder 
pattern, the nth moment of the spectrum is given by 

f x"F(x) dx 
0 

Mn = '  (9) 

iF(x) dx 
o 
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where x = ~ - -  ~0. We have used the fact that  our spectra are symmetric about 
o~0 in order that  we may use both the even and odd moments  defined by 
Eqn. 9. Otherwise, if we had taken the integration limits as +0% the odd 
moments  would have vanished. The moments  of  a spectrum decrease as the 
efficiency of the molecular mot ion  in averaging the electric field gradient 
components  and magnetic dipole~iipole interactions increases. The temperature 
dependence of the second moment  for the C-12 ~ position is shown in Fig. 8. In 
the temperature region 41--20°C, where only the liquid crystal spectrum is 
present, there is a small increase in M2 brought about primarily by the increase 
in the quadrupolar splitting as the temperature decreases. The steep increase 
in Ms below 20°C is due to the increase in the fraction of the membrane lipids 
in the gel state. It must  be pointed out  that, due to power fall-off in the wings 
of  the very broad low temperature spectra, the second moments  will be only 
qualitatively correct for the lowest temperatures. However, even taking the 
reduced intensity in the wings into account, the value of M2 at --52°C is still 
much less than the rigid lattice value of 1.28 • 1011 s -2. It appears that there is 
still considerable motion of the lipid molecules even at these very low tempera- 
tures. 

Above 20~C the spectra are characterized by a single, broadened quadrupolar 
powder pattern, giving rise to a single order parameter SC2H. Below 20°C how- 
ever, the membranes are in a mixed phase containing regions of  both gel and 
liquid crystal lipid. There may then be a broad distribution of  order parameters 
since there are large differences between values of SC2H found in gel and liquid 
crystalline regions and there may be defect structures causing a variation of 
SC2H in each of  these regions. The description of  the orientational order of  such 
a complex system requires an order parameter distribution function P(S) 
where, for a quasi-continuous distribution of S, P(S)dS is the probability of  
finding an orientational order parameter between S and S + dS. Denoting the 
moments  of  the order parameter distribution function by 

Sn = / S"P(S) dS (10) 
o 

one can define a pare_meter A 2 [49,50] as 

= S ~  - 1 . 3 5 M ]  1 ( 1 1 )  

where the second equality is a straightforward derivation valid for cases where 
transverse relaxation due to the t ime-dependent quadrupolar interaction or the 
t ime-independent dipolar interactions can be neglected. This parameter gives 
the relative mean square width of the distribution of orientational order 
parameters. A plot  of A, versus temperature for the C-12' position is shown in 
Fig. 9. A system having only a single order parameter gives A2 ffi 0 when trans- 
verse relaxation is neglected. The non-zero A 2 values in the region 20--40°C 
could, in principle, be due to a small distribution of  order parameters in the 
liquid crystal phase. However, spectra broadened by transverse relexation will 
also have non-zero A, values; spectral simulations of single quadrupolar powder 
patterns which include the effects of transverse relaxation give rise to A, values 
approximately equal to those determined experimentally in the region above 
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Fig. 8. Temperature  dependence  o f  the s econd  m o m e n t s  o f  the 2H-NMR spectra  o f  A. Ioldlawii  mem-  
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Fig. 9.  Temperature  dependence  o f  the ~ 2  parameter  for  the 2H-NMR spectra o f  the [ 1 2 ' - 2 H 2 ] o l e o y l  
chains  in  A.  la ld lawi i  membranes .  

20°C. The small increase of  A 2 as the temperature is raised above 20°C is 
believed to be due to the increased significance of  the broadening due to trans- 
verse relaxation. The A2 parameter depends not on the absolute value of  the 
line-broadening, but rather on the ratio of  line-broadening to quadrupolar 
splitting. If the transverse relaxation time remains relatively constant, then as 
the quadrupolar splitting decreases with increasing temperature the ratio of  
broadening to splitting will increase, and hence so will the A2 parameter. 

The A2 parameter is very sensitive to sample inhomogeneities such as the 
coexistence of  phases. As can be seen in Fig. 9, there is a sudden dramatic 
increase in A 2 upon entering the transition region from the high temperature 
side. Further decreasing the temperature, A 2 reaches a maximum at approx. 
--12°C, and falls off  more slowly on the low temperature side of  the peak. The 
peak of  the A2 plot coincides very closely with the center of  the thermal phase 
transition as determined by DSC [32]. It is at this temperature that the mem- 
brane lipid order is the most inhomogeneous, as one would expect with there 
being large regions of  both liquid crystal and gel phase lipid. The results shown 
in Fig. 9 indicate that the A2 parameter provides a very sensitive means of  
mapping out the phase transition region. 

Concluding remarks 

Deuterium nuclear magnetic resonance has proven to be an extremely 
sensitive method of  detecting structural and dynamical changes in membrane 
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systems. Thus, it provides an excellent means to determine the effects of  the 
incorporation of  a cis-unsaturated hydrocarbon chain into the lipids of a 
biological membrane. The close similarity between the order profiles for the 
oleoyl chains and the palmitoyl chains of  the membrane lipids of  A. laidlawii, 
when plot ted at the same reduced temperature, must be considered as strong 
evidence that  the conformations available to saturated and unsaturated lipide 
are almost idential. It seems that  the msjor influence of the double bond is to 
cause an organizational perturbation in its immediate vicinity, which is suffi- 
ciently strong to regulate the relative amounts  of  gel and liquid crystalline 
phase lipid which coexist in a membrane at a given temperature; as the degree 
of  unsaturation increases the ratio of gel to liquid crystal phase lipid decreases 
and the membrane becomes more 'fluid'. The viability of A. laidlawii at 37°C 
where the membrane lipids are entirely in the liquid crystalline phase indicates 
that,  at least for this organism, it is not  necessary for the growth temperature 
to be encompassed within the phase transition region of the membrane lipide. 

As well as being nearly independent  of the degree of saturation, the range of  
conformations available to the lipids does not  appear to be grossly altered by 
the presence of large amounts  of protein, which is evident in the similarity 
between the order profiles for A. laidlawii and pure phospholipid model  mem- 
branes. In particular, there is no evidence for a significant population of immo- 
bile lipid around the membrane proteins of A. laidlawii. However, there do 
appear to be some small conformational differences, especially at the start of 
the sn-2 chain, which are believed to be due to the presence of the protein. 
Further studies of biological and model membranes are needed to elucidate the 
exact degree and nature of these differences. 
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