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Summary 

Perdeuterated palmitic acid was intercalated into the human erythro- 
cyte membrane and its motion studied by deuterium nuclear magnetic 
resonance (2H-NMR). From analysis of temperature dependent changes in 
the 2H-NMR spectra and from an analysis of derived moments we conclude 
that the acyl chains of the erythrocyte lipids do not exhibit a detectable 
phase transition. 

The human erythrocyte membrane is probably the most extensively 
studied biological membrane. This is not only because erythrocyte mem- 
branes can be prepared in large quantities and in homogeneous form by 
simple hypotonic lysis procedures, but also because they represent a readily 
accessible tissue for studies of the molecular basis of human disease states 
with generalized membrane involvement [1--3]. There is some contro- 
versy, however, as to whether the lipids of the erythrocyte membrane 
undergo a phase transition. Viscosity measurements [4], X-ray diffraction 
[5 ] ,  laser-Raman spectroscopy [6], 31p nuclear magnetic resonance (31p. 
NMR) [7] and fluorescence [8] have yielded contradictory and incon- 
clusive results. 

We have therefore used deuterium nuclear magnetic resonance (2H- 
NMR) to study the erythrocyte membrane. This technique has given fruit- 
ful and unambiguous results in studies on model membranes [9,10] and 
recently these studies have been extended to biological membranes [11]. 

Erythrocyte membranes were prepared by standard methods [12]. 
200 ml of erythrocyte membranes (2.9 mg protein/ml) in 10 mM Tris-C1 
(pH 7.4) was incubated with 0.72 ml of 50 mM perdeuterated palmitic 
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acid (Merck) in methanol  for 15 min at room temperature.  The suspension 
was then centrifuged in a Spinco Type  30 rotor  at 30 000 rev./min for 30 
min. The pellet was washed twice by resuspension in 10 mM Tris-C1 and 
recentrifugation. The washed pellet was resuspended in water and lyophil- 
ized. NMR spectra were obtained using approximately 0.5 g of  lyophilized 
membrane hydrated with 1--2 ml H~ O. It has been shown from NMR studies 
on deuterated membranes of  Escherichia coli that  lyophilization does not  
alter the state of  the lipid bilayer as determined by deuterium NMR (un- 
published observations). A quadrupolar spin-echo technique which allows 
one to obtain undistorted spectra [13] was used for our measurements. 

The ratio of  deuterated palmitic acid probe to total erythrocyte  mem- 
brane lipid was less than 5% to minimize structural modification of  the mem- 
brane by the free fat ty  acid. We found that this level of  palmitic acid did not  
alter the mot ion of the spin probe,  5-doxyl stearic acid, in the erythrocyte  
membrane as detected by electron spin resonance {data not  shown), 

Some typical 2H-NMR spectra are shown in Fig. 1. The 2H-NMR spec- 
trum of the perdeuterated palmitic acid in the erythrocyte  membrane 
results from a superposition of  powder  patterns. The features of  the line 
shape are the same at the different temperatures and are somewhat  typical 
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Fig .1 .  T h r e e  t y p i c a l  d e u t e r i u m  N M R  spectra  o f  p e r d e u t e r a t e d  p a l m i t i c  acid i n c o r p o r a t e d  in to  t he  
h u m a n  e r y t h r o c y t e  m e m b r a n e .  T h e  s p e c t r a ,  f r o m  t op  to  b o t t o m ,  w e r e  t a k e n  a t  3 5 ° C ,  2 1 ° C ,  and 
7°C r e s p e c t i v e l y ,  a t  3 4 . 4  MHz .  T h e  n u m b e r  o f  scans  for  the  three  spectra  were  1 6 5  0 0 0 ,  1 7 8  0 0 0  a n d  
1 2 9  0 0 0  r e s p e c t i v e l y .  T h e  s igna ls  are r e c o r d e d  a t  t he  2H L a r m o r  f r e q u e n c y ,  % = 3 4 . 4  MHz,  t h u s  the  
l o w ' f i e l d  h a l f  o f  t h e  s y m m e t r i c  s p e c t r u m  is f o l d e d  b a c k  and s u p e r i m p o s e d  o n  t he  h igh  f ie ld  ha l f .  
Th i s  i nc r ea se s  t h e  s igna l  to  no ise  rat io  by  a f a c t o r  ~ /2 .  These  s p e c t r a  have  b e e n  p l o t t e d  af ter  r e f l e c t i o n  
a b o u t  % to  render  t h e  v isua l  a n a l y s i s  m o r e  i m m e d i a t e .  F o r  th i s  r e a s o n  the  s p e c t r a  s h o w  a fa lse  p e r f e c t  
s y m m e t r y .  
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of a liquid-crystalline state, even though the overall spectrum width de- 
creases with increasing temperature. 

The shape of the spectra is similar to that of the spectra of perdeuter- 
ated dipalmitoyl phosphatidylcholine in the liquid-crystalline phase [13], 
except that the erythrocyte spectra are systematically broader indicating 
a higher degree of rigidity, presumably due to the high cholesterol content. 
The spectrum also resembles that of Acholeplasma laidlawii membranes 
where the deuterated fatty acids were incorporated biosynthetically into 
the bacterium during growth [11]. The sharp edges of the spectra present 
over the whole temperature range of our measurements, as shown in the ex- 
amples of Fig. 1, are quite typical of systems having a plateau in the plot of 
the order parameter versus the position on the chain [9,14]. The splitting 
between the edges varies from about 56 kHz at 2°C to about 40 kHz at 
45°C and corresponds to an approximate change of the order parameter of 
the plateau from 0.45 to 0.32. These values can be compared to the liquid- 
crystalline plateau order parameters of 0.2 for A. laidlawii at 42°C [ 11] and 
0.23 for dipalmitoyl phosphatidylcholine at 37°C (Davis, J.H., unpublished 
data). 
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F i g . 2 .  T h e  s e c o n d  m o m e n t ,  M 2 , o f  t h e  d e u t e r i u m  N M R  s p e c t r u m  versus  t e m p e r a t u r e .  S o m e  t e m p e r -  
a t u r e s  w e r e  r e p e a t e d  several  t i m e s  t h r o u g h o u t  t h e  c o u r s e  o f  t h e  m e a s u r e m e n t s .  

Due to the complexity of the spectrum envelope resulting from the 
superposition of powder pattern spectra for each position on the palmitic 
chain, it is not yet possible to relate the spectrum envelope to the order 
parameter dependence on position. An analysis of the spectrum in terms 
of moments*, however, can provide some important information. The 
second moment, M2, of the spectrum shows a gradual decrease when plotted 
versus temperature (Fig. 2) which reflects the increased motion of the whole 

o o  o o  

are d e f i n e d  as  M n = # d v f ( v  - -  v o ) (v  - -  v 0 )n  / # d v f ( v  - -  v 0 ) w h e r e  * T h e  m o m e n t s  

VO ~'0 

f ( v  - -  v 0 ) is  t h e  l i n e s h a p e  f u n c t i o n ,  .i.e., t h e  s p e c t r u m  as  s h o w n  in  F i g . 1 .  



chain with increasing temperature.  The change in M2 between 2 and 45°C 
is somewhat  less than that observed for dipalmitoyl phosphatidylcholine, 
A. laidlawii and E. coli (unpublished observations) suggesting a less distinct 
phase transition. This is confirmed by an analysis of  M2/M1 s. For a line- 
shape whose analytical representation f(v - -  vo ) does not  change with tem- 
perature, the ratio of  the second moment  to the first moment  squared, 
M 2/ MI  2, is independent  of  temperature.  This is true even when the line 
width changes. In particular, for a single powder  pattern spectrum it can be 
shown that M2/MI  2 = 1.35 (Bloom, M., Dahlquist, F.W. and Davis, J.H., 
unpublished).  The value of  M2/M~ s for the erythrocyte  membrane 
is 1.55 + 0.04 throughout  the temperature range. The higher value for 
this ratio is to be expected as the spectrum is not  a single powder  pattern, 
but  rather a superposition of many powder  patterns. The parameter 

As = {M~/(1 .35M12)}_  1 

which is more sensitive to phase coexistence than Ms/M~ 2, is plot ted versus 
temperature in Fig. 3. Throughout  the entire temperature range A 2 is con- 
stant within experimental error and equal to 0.15 + 0.03. This result can 
be compared to a variation of A2 from about  0.085 at 36°C to about  0.340 
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F ig .3 .  The  p a r a m e t e r  A 2 = M s / 1 . 3 5 M  12 - -1  versus  t e m p e r a t u r e .  
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at 34.5°C for perdeuterated dipalmitoyl lecithin, a system that exhibits a 
sharp phase transition, and to a two fold variation over the broad phase 
transition exhibited by the membranes of E. coli and A.  laidlawii (unpub- 
lished observations). The fact that  Z~ 2 does not  change with temperature 
means not  only that  the line-shape does not  change but  also that  there is 
no distinct phase transition from the liquid crystal to the gel state in agree- 
ment  with the results of  31P-NMR studies of  normal erythrocyte  ghosts [7] .  
In fact the coexistence of  phases with different degrees of  order of  the acyl 
chains would cause an increase of  A2 even though each of  the phases has a 
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powder  pattern spectrum and, consequently,  identical A 2 (Davis, J.H., 
unpublished data). 

Lateral diffusion, e.g., in egg yolk lecithin [15] ,  is still quite rapid at 
high cholesterol concentrations. Since deuterated fat ty acids are not  bulky 
probe molecules, this diffusion may insure that  the fat ty acids sample all 
lipid regions of the membrane. However, this has never been conclusively 
demonstrated.  On the other hand it is conceivable that the diffusion rate 
of  the palmitic acid label in the membrane is higher than that of  the natural 
lipids. If diffusion is sufficiently fast to produce enough line narrowing 
for the spectra of two possibly coexisting phases to be averaged, the ex- 
pected increase in A2 might be eliminated. While it is not  possible to identify 
or distinguish the coexistence of different environments of the fatty acid 
label from a single spectrum, the temperature dependence of  the spectra 
indicates that  all of  the probe molecules are in environments which expe- 
rience the same temperature variation. This lack of temperature variation of 
A 2 in erythrocyte  membranes also tends to contradict  the hypothesis of 
the coexistence of cholesterol rich and cholesterol poor  regions. [ 7] .  
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